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Summary 
This thesis presents an initial Finite Element (FE) based modelling investigation aimed at 
supporting the development of 'smart' tyre or intelligent tyre technologies. Physical tests 
carried out with a stationary (non-rolling) and rolling experimental tyre are used to 
enhance understanding of tyre behaviour in the contact patch and validate the modelling 
methodology. Simulation results with the explicit FE package LS-DYNA are then used 
to characterise the internal stresses and strains at several positions in the tyre tread. 
Two separate FE models are developed to simulate the stationary and rolling tyre 
behaviour at the macroscopic level. The models differ only with respect to the mesh 
density in the circumferential direction, the mesh through the cross section is identical. 
The complex tyre structure is represented as a rubber and reinforced rubber composite, 
and the mesh specification and the material descriptions used in the models are 
discussed. The structural behaviour of the stationary experimental tyre under normal 
load is simulated. The inflation of the tyre, the wheel fit and the normal loading against 
the horizontal surface are represented. Simulation results are also presented when a 
subsequent longitudinal or lateral load is applied to the stationary tyre. These analyses 
were conducted to determine the longitudinal and lateral tyre stifffiesses, respectively. 
The predicted normal load-deflection characteristics and contact patch dimensions 
(length and width) are compared with a reasonable degree of success to those obtained 
in the full-scale physical tests. The longitudinal and lateral simulations also appear to 
give realistic tyre stiffnesses. The contact patch dimensions give a good trend-wise 
agreement, but the length and width are greater than the experimental measurements. A 
parametric study is carried out and this disparity is related to a deficiency in the 
performance of the contact algorithms. It is concluded that it not straightforward to 
accurately predict contact patch behaviour, and therefore the internal transient stresses 
and strains in a rolling tyre in absolute terms. However, the good trend-wise agreement 
suggests that the modelling methodology should be capable of predicting internal 
transient responses which are related to the 'actual' deformations in the contact region. 
To simulate the rolling tyre behaviour on flat bed and drum surfaces, consideration is 
given to the inflation of the tyre, the wheel fit, the normal loading and the rotation of the 
tyre. Numerical instabilities are found to occur and these are related to imperfections 
inherent in version 950d of the code. This version was, at the time, the most up to date 
release. The current release is version 960 and it does not contain many of the 
imperfections in the earlier version. Thus, the flat bed simulation is repeated using the 
current version. The predicted contact patch stresses are presented and a reasonable 
correlation is achieved with the experimental data. The internal stresses and strains are 
then characterised at a number of selected positions in the tread region. These stresses 
and strains are discussed in context with the development of smart tyre technologies and 
are useful as a guide to the most appropriate location for an in-tyre sensor (or sensors). 
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Chapter 1 Introduction 
In recent years, there has been a significant increase in the number of vehicles on the 
nation's roads. An increase of nearly 4 million vehicles has been observed since 1990 [1] 
and road traffic is expected to reach 35 mflfion vehicles by the year 2025 [2], a further 
increase of about 10 miffion vehicles. The relationship between road accidents and traffic 
flow has been investigated by Dickerson et al. [3] and the accident-flow relationship is 
seen to substantially increase at high traffic flows. The increase in vehicles and their 
habitual use is causing the nation's roads to become busier and, thus, more hazardous. 
Although the level of traffic congestion has increased, accident statistics published by 
the Government indicate an improvement in road safety. The statistics show the number 
of deaths to be nearly half the total of 30 years previously and indicate a considerable 
reduction in the number of serious injuries. In contrast, the total number of casualties 
(deaths, serious and slight injuries) has not fallen greatly over the same period - only 
12 % since 1967 [1]. Many factors have contributed to the shift from fatal and serious 
injuries to slight injuries. These factors include compulsory seat belt usage and better 
highway engineering. A significant contribution has also been made in the area of vehicle 
safety design were numerous primary and secondary safety features have been 
introduced. Primary and secondary safety features are defined as vehicle engineering 
aspects which "as far as possible reduce the risk of an accident", and structural and 
design features that "reduce the consequences of accidents", respectively [4]. Primary 
safety features such as vehicle dynamics control systems, including Anti-lock Braking 
Systems (ABS) and traction control or Anti-Spin Regulation (ASR) are now standard 
on many vehicles. Airbags and deformable 'crush zones' that dissipate the energy in the 
event of an impact are also now standard and are examples of secondary safety features. 
To sustain the improvement, ffirther road safety measures need to be introduced to cope 
with the predicted increase in levels of traffic congestion. The Government is committed 
I 
to road safety issues and has published a safiety strategy 151. This strategy impacts on 
vehicle manuthcturers because vehicle salýty design is considered as .1 potential area lor 
continuous improvement. Since the greatest progress call be made ill accident 
prevention, the development ot'new vehicle dynamics control systems is essential. Tyres 
play the most crucial role in the support ot'vehicic dynamics and therelbre one approach 
fiIVOLired by tyre technologists is to integrate sensor systems into tyres to monitor the 
contact patch fiorces 16,71. Thus. the 'si-nart' tyre concept may soon become a reality. 
1.1 Automobile Tyres 
Apart from gravitational and aerodynamic forces. all other fiorces which aIICct tile 
motion of a ground vehicle are generated at the interface between the tyre and the 
ground, known as the contact patch. These longitudinal, lateral and vertical forces (see 
Figure 1.1) are the resultant of normal and shear stresses which arise in the contact 
patch area [8]. They are transmitted through the tyre structure to the vehicle via tile 
wheel. An overturning moment, a rolling resistance moment and an aligning moment 
also exist when an offiset in the forces occurs relative to the centre ofthe contact patch. 
4 
Roling Resistance 
Moment I Overturning Moment 
Lateral Force 
Aligning Moment A Longitudinal Force 
Vertical Force / Normal Load 
Figure 1.1 Tyre forces and moments 
It should be noted that there is a limit to the longitudinal and lateral forces that a rolling 
tyre can develop. This limit is determined by the vertical force (normal load) and the 
friction coefficient p between the tyre and the ground surface. The normal load is 
governed by the weight of the vehicle and, thus, at a given load, the friction condition 
determines the maximum contact patch forces [9], and therefore the manoeuvres a 
2 
vehicle can undertake. The friction condition and the interdependence of the longitudinal 
and lateral forces is described by the 'friction eRipse' [10]. This is shown in Figure 1.2. 
Lateral Force 
Dry Asphaft 
Wet Asphaft 
Snow (hard-packed) 
Figure 1.2 The 'friction ellipse' concept 
The friction ellipse identifies the friction limit for a tyre. The friction can be used to 
develop a longitudinal force for acceleration/braking, a lateral force for comering/lane 
change manoeuvers, or a combination of the two, but in no case can the vector total of 
the two exceed the limit [8]. The longitudinal and lateral forces may develop in either a 
positive or negative direction. Adverse driving conditions such as on wet, snowy and icy 
roads substantially reduce the friction limit and, as a consequence, the longitudinal and 
lateral forces which can develop are also reduced. It is therefore clear that knowledge of 
the friction potential and demand can help to improve manoeuvrability and thereby 
vehicle safety under slippery road conditions [11]. Despite this fact, current vehicle 
dynamics controls systems such as those mentioned earlier do not make use of contact 
patch force measurements. This absence of force measurements for future dynamics 
control systems has the potential to be erased by the rapid developments in 'smart' tyres. 
1.2 'Smart'Tyres 
The concept of 'smart' tyres or intelligent tyre technologies involves the instrumentation 
of a tyre by a sensor device embedded in the structure. The sensor device is used to 
measure the tyre stresses, strains or deformations and the sensor outputs are then related 
to 
, 
the contact patch forces. Previous work on in-tyre sensor technology has been 
concentrated at Darmstadt University of Technology and the tyre manufacturer 
3 
Longitudinal Force 
Continental. The early work at Darmstadt [13,141 used a Hall-effect sensor to detect 
three-dimensional movements of a tread embedded magnet. Continental have developed 
a SideWall Torsion (SWT) sensor [15] that provides an estimate of the longitudinal and 
lateral forces in the contact patch by monitoring the magnetic field generated by 
alternate north-south poles embedded in the tyre. A recent collaboration between 
Continental and Darmstadt [16] has also resulted in the integration of wireless Surface 
Acoustic Wave (SAW) sensors to measure internal stresses in the tread. The smart tyre 
concept is not a new idea but the technology is yet to advance into the mainstream [ 12]. 
1.3 Thesis Motivation 
The work reported in this thesis was carried out as part of the Foresight Vehicle Link 
project 'Smarter Tyres using Advanced Sensors for Improved Safety' (STASIS). The 
long-term aim of the STASIS project is to establish in-tyre sensor system technology for 
monitoring tyre behaviour in road vehicles. The project originally involved a consortium 
consisting of Dunlop Tyres Limited, QinetiQ (formerly DERA), Avonwood 
Developments Limited, Ove Arup & Partners, Rover Group, and the University of 
Warwick. It should be noted, however, that due to unforeseen circumstances Dunlop 
Tyres withdrew support from the project in December 2000 and, as a consequence, the 
project has been continued without input from a tyre manufacturer. The research 
reported herein is the author's (University of Warwick's) contribution to the project. 
I 
Smart tyre technologies have the potential to provide information on a vehicle's state via 
sensors in each tyre. To provide the most direct information, the sensors need to be 
embedded local to the contact patch and the influence of the tyre behaviour on the 
sensor outputs needs to be realised. It appears to date that little research effort has been 
expended on investigation of contact patch behaviour [9] and therefore the magnitude 
and frequency of the corresponding internal stresses, strains and deformations are not 
fully understood. Thus, the most appropriate position for the in-tyre sensors is still not 
known. The sensors must survive in operation and their position is therefore depend on 
the transient stresses and strains they will experience. It is therefore clear that in order to 
support the development of sensor systems it is necessary to gain a greater 
understanding of tyre behaviour local to the contact region. The work reported in this 
thesis aims to provide an initial investigation of the complex internal stresses and strains 
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via numerical modelling. The numerical results emerging from the application of the 
modelling methodology could then be used to identify the optimal location for a sensor 
(or sensors) and the transfer function between the contact stresses and sensor outputs. 
To satisfy the research aim, Finite Element (FE) based structural analysis techniques are 
used to simulate the stationary (non-rolling) and rolfing behaviour of an experimental 
tyre. Only advanced FE based modelling can provide simulations at the desired 
macroscopic level but such simulations are only as good as the FE program, and the way 
in which it is employed. Thus, a major aspect of the work presented in the thesis is 
model validation. Physical tests carried out with the experimental tyre are used to 
enhance understanding of tyre behaviour in the contact patch and validate the modelling 
methodology. Simulation results with the explicit software package LS-DYNA [17] are 
then used to characterise the internal stresses and strains at several positions in the tread. 
1.4 Thesis Outline 
This chapter has highlighted the importance of tyres in vehicle safety design and has also 
introduced the smart tyre concept and discussed some relevant work in this area. 
Chapter 2 reviews the tyre research literature relevant to this study. It describes the 
modem automobile tyre structure and the forces and moments exerted on it. The chapter 
discusses previous work carried out to characterise tyre behaviour in the contact patch 
and then remarks on the related attempts to simulate this behaviour using simple models. 
An overview of complex FE tyre models is also presented and the implicit and explicit 
FE approaches are briefly discussed. The chapter highlights the lack of knowledge about 
local tyre behaviour in the contact region and the absence of existing FE tyre models to 
simulate this behaviour. Tbus, the chapter establishes the motivation behind the thesis. 
Chapters 3 describes an experimental investigation which aims to characterise tyre 
behaviour in the contact patch with reference to the author's need to validate advanced 
FE simulations. Physical tests are carried out with a stationary (non-rolling) and rolling 
experimental tyre. The stationary experiments are conducted on a load-deflection 
machine and the rolling tyre experiments on flat bed and rolling drum machines, each 
instrumented with a tri-axial stress transducer. Load-deflection characteristics and 
contact patch dimensions are presented for the non-rolling tyre. Many plots giving the 
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normal pressure and shear stress distributions under free-rolling and cornering (slip and 
camber angle) conditions are presented for a high friction surface, and a comparison is 
made between the contact patch behaviour when the tyre is rolled on the horizontal (at 
0.18 km/h) and drum (10 to 50 krn/h) surfaces. The investigation therefore characterises 
the contact patch behaviour of the experimental tyre and, by doing so, also contributes 
novel experimental measurements that correspond to 'actual' tyre contact deformations. 
Chapter 4 describes two state-of-the-art FE tyre models developed to simulate 
stationary and rolling tyre behaviour. The models are developed for analysis by the 
explicit solver LS-DYNA [17]. They depict the complex structure of the experimental 
tyre as a rubber and reinforced rubber composite. The mesh specification and material 
descriptions used in the development of the models are discussed, and consideration is 
given to the difficult issue of modelling contact and friction. The chapter also discusses 
salient features of the solution algorithms used in the code. The aim of the chapter is to 
present a modelling methodology which is capable of predicting tyre behaviour in the 
contact patch and the internal stresses and strains a sensor will experience in operation. 
In Chapter 5, the structural behaviour of the experimental tyre during the stationary 
experiments is simulated using LS-DYNA version 950d. This version was, at the time, 
the most up to date release. The inflation of the tyre, the wheel fit and the normal 
loading against a rigid horizontal surface are considered. It should be noted that the 
simulation is representative of the full-scale tests. A parametric study is presented which 
characterises the sensitivity of the analysis results to changes in the mesh density of the 
tyre and surface, and to variations in the elastic properties of the 'tyre' components. The 
chapter also presents simulation results obtained at several inflation pressures and when 
a subsequent quasi-static longitudinal or lateral load is applied to the tyre. The aim of 
the chapter is therefore to validate the modelling methodology for non-rolling behaviour. 
In Chapter 6, rolling tyre behaviour on the flat bed and rolling drum machines is 
simulated. Consideration is given to the inflation of the tyre, the wheel fit, the normal 
loading and the rotation of the tyre. Numerical problems are observed in these 
simulations and the problems are related to imperfections inherent in version 950d of the 
code. Thus, the flat bed simulation is repeated using the current release, version 960. 
Inconsistencies in the simulation results obtained using the two version are found and 
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these are discussed in relation to the earlier model validation work carried out with 
version 950d. The predicted contact stresses are then compared with a reasonable 
degree of success to those found by full-scale physical testing, and the internal stresses 
and strains are characterised at a several positions in the tread. These stresses and strains 
are discussed in context with the development of smart or intelligent tyre technologies. 
The final chapter of this thesis, Chapter 7, summarises the work carried out by the 
author. Each of the individual chapters are reviewed in turn and the salient points are 
highlighted. The main conclusions are presented and the work is discussed in context 
with to the research aim. Finally, some recommendations are given for further work. 
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Chapter 2 Automobile Tyres, Tyre Behaviour and 
Modelling 
2.1 Introduction 
Apart from gravitational and aerodynamic forces, all actions which affect the motion of 
ground vehicles are generated at the tyre/ground contact patch. Thus, it has been said 
that the "critical control forces (and moments) that determine how a vehicle turns, 
brakes and accelerates are developed in four contact patches no bigger than a man's 
hand [I]. " As previously discussed in Chapter 1, these forces and moments are the 
resultant of normal and shear stresses which arise in the contact patch area. They are 
transmitted through the tyre structure to the vehicle via the wheel. It is therefore clear 
that a thorough understanding of a tyre's structure and behaviour, particularly the 
contact patch stresses and their relationship to the internal tyre deformations, and 
resultant forces and moments is essential for the development of smart tyre technologies. 
This chapter presents an overview of the tyre research literature. Primarily, it discusses 
the behaviour of modem radial-ply tyres but the characteristics of bias-ply tyres are also 
considered. This is because much of the previous research has been conducted on this 
type of construction. Finite Element (FE) based modelling provides the best opportunity 
to simulate the internal deformations, so a review of FE tyre models is given, and the 
implicit and explicit methods are briefly described. The attempts to model tyres using 
simple empirical and semi-empirical models are also mentioned. The chapter highlights 
the lack of knowledge about contact patch behaviour and the absence of existing models 
to simulate this behaviour. By doing so, it establishes the motivation behind the thesis. 
2.2 Tyre Construction 
Two basic tyre constructions are commonly used; radial-ply and bias-ply tyres, as shown 
in Figure 2.1. Bias-ply tyres were exclusively used in the automotive industry until the 
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advantages of radial-ply tyres was recognised in the 1960's. Since then, radial-ply tyres 
have gradually displaced bias-ply tyres on passenger cars and have been the standard for 
a number of years. The use of radial-ply tyres on trucks, however, initially lagged that on 
passenger cars, such that (even as recently as) in the early 1990's both radial- and bias- 
ply tyres experienced approximately equal use [8]. Today, radial-ply tyres are also 
standard on trucks [ 18]. Bias-belted tyres were briefly employed as a cross between the 
radial- and bias-ply constructions during the transition period but are now rarely used. 
Tread 
Beft Plies 
s Plies 
Carcass Plies 
Bead 
(a) (b) 
Figure 2.1 Tyre construction: (a) radial-ply tyre; (b) bias-ply tyre [181 
The radial-ply construction is characterised by the carcass plies (cords usually of a 
synthetic material embedded in a rubber matrix) which extend radially from one bead to 
the other, i. e. at 90 degrees to the tyre circumference. The beads form a foundation for 
the carcass plies, and anchor the tyre to the wheel. The construction provides a soft ride 
but little directional stability. Directional stability is supplied by the belt (cords of steel or 
other high-strength materials embedded in a rubber matrix) that runs circurnferentially 
around the tyre. The cords in the belt are usually orientated at approximately 20 degrees 
to the tyre circumference. The belt stiffens the tread region, keeping the tread in contact 
with the ground. For passenger car tyres, usually there are two carcass plies of synthetic 
cords, such as nylon, rayon or polyester, and the belt comprises two plies of steel cords 
and two plies of synthetic cords, such as nylon or rayon. For truck tyres, usually there 
is one carcass ply of steel cords, and four plies of steel cords in the belt [8,18,191. 
In a bias-ply tyre the carcass comprises two or more plies wMch extend diagonally from 
one bead to the other with the cords orientated at an angle between 35 and 40 degrees 
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to the tyre circumference. The cords in adjacent plies run in opposite directions. Thus, 
the cords overlap in a diamond (criss-cross) pattern. In operation, the orientation of the 
cords causes the carcass plies to flex and rub. This flexing action produces a wiping 
motion between the tyre tread and ground surface during rolling which is one of the 
main cause of higher tyre wear and higher rolling resistance in bias-ply tyres [18,19]. 
2.3 Sizes and Load Rating 
Tyre sizes are commonly specified by two dimensions; the section width given in 
millimeters for radial-ply tyres, and the wheel rim diameter given in inches. The load- 
carrying capacity (rated load) is primarily dependent upon the tyre size. The outer 
diameter of the tyre, which is independently variable from the wheel rim diameter, is 
usually identified by the aspect ratio. This aspect ratio is the ratio between the section 
height and the section width and is usually expressed as a percentage. The terminology 
is shown in Figure 2.2. The type and construction of the tyre are identified by letters; P 
denotes a passenger car tyre and LT a light truck, R, B and D indicate radial-ply, bias- 
belted and bias-ply constructions, respectively. For example, a P195/65RI5 identifies a 
passenger car tyre having a section width of 195 mm. and an aspect ratio of 65 percent. 
The tyre has a radial-ply construction and is mounted on a 15 inch diameter wheel rim. 
Se clion Width 
Section Height 
Wheel Rim 
Diameter 
Figure 2.2 Tyre terminology 
2.4 Forces and Moments 
To describe the forces and moments exerted on a tyre, it is necessary to define an axis 
systern. Figure 2.3 shows the tyre axis system recommended by the Society of 
Automotive Engineers (SAE). The origin of the axis is at the centre of the contact patch. 
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The x-axis, known as longitudinal axis, is the intersection of the wheel plane and the 
ground plane with the positive direction forward. The -7-axis or vertical axis 
is 
perpendicular to the ground plane with the positive direction downward. Thc. v-axis or 
lateral axis is in the ground plane and is directed to make the axis system right-handed. 
The longitudinal fiorce F, is the fi)rce in the x-direction exerted on the tyre by the 
ground. The force in the y-direction is referred to as the cornering torce when 
caused by the slip angle a only, camber thrust F, when caused by the carnber angle y 
only, or more generally the lateral force F, . Slip angle is the angle fiormed between the 
direction of travel of the wheel and the line of intersection of the wheel plane and 
ground plane. Camber angle is the angle formed between the xz-plane and the wheel 
plane. The normal load (or the vertical force) F is the fiorce in the vertical direction. 
The overturning moment M,, the rolling resistance moment M, and the aligning 
moment M. are moments about the longitudinal, lateral and vertical axes, respectively. 
Aligning Moment (M) 
Camber Angle 
Rolling Resistance 
Moment (Mv) 
Overturning Moment (M) 
Longitudinal Force (Fý 
x 
Direction of 
Wheel Travel 
Slip Angle 
z 
Normal Load /Vertical Force (F) 
I 'A, y 
Lateral Force (Fy) 
Figure 2.3 Tyre axis system and nomenclature [20] 
As mentioned, the forces and moments are the resultant of normal and shear stresses 
distributed in the contact patch. Normal stresses o7, arise as the inflation pressure acts 
through the tyre onto the ground, shear stresses ( and r, - 
) arise due to friction 
coupling between the tyre tread and the ground surface. There are two primary 
mechanisms responsible for friction coupling; surface adhesion and hysteresis [21]. 
Surface adhesion is the result of molecular bonding, hysteresis is the energy loss as the 
tyre deforms during rolling [22] and is the main cause of rolling resistance in tyres [ 18]. 
2.5 Rolling Resistance 
The pressure distribution in the contact patch is not uniform (as was assumed to be the 
case for many years [23]) it varies in both the longitudinal and lateral directions. In a 
rolling tyre, the pressure distribution is also not symmetrical about the lateral axis. This 
is shown in Figure 2.4 and also in the experimental results presented in Chapter 3. The 
pressure at the front of the contact patch is slightly greater than at the rear. This is 
because a longitudinal force, referred to as the rolling resistance, exists in the contact 
patch. The pressure distribution is shifted in the direction of rolling (to the left) to 
maintain equilibriurn. This characteristic is discussed in a number of text books [8,18]. 
CL 
0 z 
(a) (b) 
Figure 2.4 Norrml pressure distribution in the contact patch: (a) non-rofling tyre; (b) 
rolling tyre 
Numerous papers have been published that discuss the various factors which influence 
the rolling resistance of tyres [24-26]. These factors include the tyre construction and 
materials, surface condition, inflation pressure and speed. The rolling resistance 
coefficient for a range of radial-ply and bias-ply passenger car tyres (at their rated loads 
and inflation pressures) with speed is shown in Figure 2.5. The rolling resistance 
coefficient is ratio of the rolling resistance to the magnitude of the normal load. As 
mentioned earlier, rolling resistance is higher in bias-ply tyres [19]. An increase in the 
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tread depth, the thickness of the sidewalls or the number of carcass plies in the structure 
also tend to increase the rolling resistance. Tyres made of synthetic and butyl rubber 
compounds also usually have higher rolling resistance than those made of natural rubber. 
0.025 C m 
0.020 
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Speed lkmlhl 
Figure 2.5 Variation in rolling resistance coefficient of bias- and radial-ply passenger car 
tyres with speed on a smooth ground surface at rated load and inflation pressure [18] 
On smooth surfaces the rolling resistance is lower than on rough surfaces. This is shown 
in research by DeRadd [27] where the author has published experimental results 
obtained in laboratory and outdoor tests conducted on various road surfaces. The rolling 
resistance has also been shown to reduce with an increase in tyre inflation pressure [28]. 
This reduction, however, is found to be more significant in bias- than in radial-ply tyres. 
2.6 Tractive Properties 
Under acceleration or braking conditions, longitudinal slip is observed in the contact 
patch as the tyre tread deflects to develop and sustain a friction force, i. e. an 
acceleration or braking force, respectively. The contact stresses during braking are 
shown in Figure 2.6. To the author's knowledge, these contact stresses have only been 
investigated by Novop'skii and Nepomnyashchii [29], and Bode [30]. The work by 
Novop'skii and Nepomnyashchi could not be located, and the publication by Bode was 
found to be in German (an English translation was not available). The work of the 
authors' is, however, reviewed by Browne et al. [3 1 ]. This review is therefore important 
because it presents the only available experimental data (in English) on the contact 
tractive stresses. 
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Figure 2.6 Contact patch behaviour during braking [10] 
As tread elements enter the contact patch they are deflected in the longitudinal direction. 
The deflection occurs because the tyre is moving faster than the perimeter of the tyre 
tread. The deflection and the corresponding longitudinal shear stress build-up as the 
element moves through the contact patch until the shear stress on the element 
overcomes the available friction and the element begins to slip (slide) noticeably on the 
surface. In the sliding region, the deflection and shear stress diminish, reaching zero as 
the element leaves the contact patch. Integrating the longitudinal shear stresses over the 
contact patch area yields the longitudinal force. Thus, acceleration and braking forces 
are generated by producing a difference between the tyre rolling speed and its linear 
speed of travel. As a consequence, longitudinal slip is produced in the contact patch. 
The longitudinal slip s is usually defined non-dimensionally as a ratio of the forward 
speed [32,33]. This slip ratio is given by 
V:; e- 0 
where r, is the tyre effective rolling radius, w is angular velocity of the wheel, and V is 
the forward velocity. It should be noted that in Equ. (2.1) the slip ratio is positive during 
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braking but the longitudinal force is negative according to the SAE tyre axis system 
shown in Figure 2.3. During acceleration, the ratio is negative but the force is positive. 
The braking force developed by the tyre is known to vary with longitudinal slip, as 
shown in Figure 2.7. A similar curve is produced in acceleration. As the slip increases, 
the friction force increases along an initial slope which is characterised by the 
longitudinal stiffiaess C, of the tyre. The longitudinal stiffness tends to be low when the 
tyre is new and has full tread depth, and increases with age, i. e. as the tyre wears. 
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Figure 2.7 Variation in friction force with longitudinal slip during braking 
The friction force usually reaches a maximum when the slip ratio is between 0.1 and 0.2 
[33,34]. Beyond the peak value, the friction force reduces as the sliding region at the 
rear of the contact patch extends further forward. At a slip ratio of 1.0 the sliding region 
has extended the entire length of the contact patch and the wheel is said to be locked. 
The friction force is characterised at the peak and sliding conditions by the friction 
coefficients pp and ji,, respectively. These peak and sliding coefficients are the ratio of 
the friction forces to the magnitude of the normal load. They are influenced by a number 
of factors including the ground surface and its condition, the normal load, the inflation 
pressure and the forward speed. Typical peak and sliding coefficients for a variety of 
surfaces are shown in Table 2.1. The grip (surface adhesion) is provided when the tyre 
tread deforms around microscopic asperities in the surface [35]. Rain, ice and snow fill 
these asperities and reduce tyre grip and therefore the friction coefficients. In the work 
conducted by Ervin [36] it is shown that increasing the normal load decreases the 
friction coefficients; at the rated load of the tyre, the peak and sliding coefficients 
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decrease by about 0.01 for a 10 Percent increase in the magnitude of the normal load. 
On dry ground surfaces, the friction coefficients are known to be slightly affected by the 
inflation pressure. On wet surfaces, an increase in the inflation pressure significantly 
increases both coefficients [8]. In work by Dugoff and Brown [37], a significant 
decrease in the peak and sliding coefficients is shown to occur as the speed increases. 
Surface Peak coefficient pp Sliding coefficient a, 
Asphalt and concrete (dry) 0.8-0.9 0.75 
Asphalt (wet) 0.5-0.7 0.45-0.6 
Concrete (wet) 0.8 0.7 
Gravel 0.6 0.55 
Earth road (dry) 0.68 0.65 
Earth road (wet) 0.55 0.4-0.5 
Snow (hard-packed) 0.2 0.15 
Ice 0.1 0.07 
Table2.1 Typical tyre/ground friction coefficients for a range of surfaces [18] 
Anti-lock Braking Systems (ABS) mentioned in Chapter I monitor wheel motion during 
braking manoeuvers. Sensors detect excessive wheel deceleration and the slip ratio is 
estimated from this information [9]. The braking system maintains the slip ratio near the 
peak of the friction-slip curve and does not allow the wheels to lockup. Thus, with ABS 
the dominant tyre performance parameter is the peak friction coefficient. As a 
consequence, the braking distances are greatly decreased, reducing the likelihood of an 
impact with a vehicle or obstacle in front during braking. Similarly, the peak coefficient 
is of primary importance when traction control or Anti-Spin Regulation (ASR) is 
employed. By monitoring excessive accelerations, the acceleration or hill-climbing 
perfonnance of a vehicle is optimised. Such systems are, as previously mentioned, 
important to vehicle dynan-fics control but they do not measure contact patch forces. 
2.7 Cornering Characteristics 
The lateral forces required during cornering (or lane change maneuvers) are created by 
lateral slip (slip angle), lateral inclination (camber angle), or a combination of the two. 
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2.7.1 Slip Angle 
When a slip angle is applied to a rolling tyre, tread elements are deflected in the lateral 
direction as they progress through the contact patch, as shown in Figure 2.9 191. The 
deflection and corresponding shear stress increases as the element moves through the 
contact patch until the shear stress on the element overcomes the available friction and 
sliding occurs. This local behaviour has been investigated by Gough 138 1, and Lippillarin 
and Oblizqjek [39], no other research into the contact stresses could be 16und. 
Integration of the lateral shear stresses over the contact patch yields the cornering force 
which is generated towards the rear of the contact patch, at a distance korn the centrc of' 
the contact patch which is usually referred to as the pneumatic trail. At the centrc ofthe 
contact patch, the cornering force and an aligning moment exist. The magnitude of the 
aligning moment is equal to the cornering force multiplied by the pneumatic trail. 
Fy,, 
Contact Patch 
I- 
m 
Direction of Wheel Travel 
Sliding Region 
y 
Figure 2.8 Tread deflection in contact patch at a slip angle [8] 
The development of the cornering force is not instantaneous, it lags the applied slip 
angle as the tyre sidewalls deflect in the lateral direction [38,40]. The cornering force 
usually takes approximately one revolution of the tyre to reach the steady-state 
condition [41]; the distance required to reach the steady-state usually being referred to 
as the relaxation length. A typical cornering force response to a step change in the 
applied slip angle is shown in Figure 2.9. Evidently, the time lag depends on the speed of 
rotation of the tyre. For a passenger car travelling at a speed of 50 km/h, the time lag 
will be around 0.1 second, which is imperceptible to many motorists. The effect, 
however, may be noticed by 'expert' drivers as a lag or sluggishness in turning response. 
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Figure 2.9 Comering force response to a step change in the applied slip angle [81 
The global cornering properties of tyres have been studied extensively [ 19,22,3 1 ], and 
are usually characterised in the steady-state condition. The general relationsMp between 
the slip angle and the cornering force is shown in Figure 2.10. It should be noted that 
when the slip angle is positive the cornering force is negative according to the tyre axis 
system shown in Figure 2.3. A negative slip angle results in a positive cornering force. 
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Figure 2.10 Variation in cornering force with slip angle [8] (note negative slip angles) 
The cornering force increases with slip angle along an initial slope which is characterised 
by the comering stiffiiess C,, of the tyre. The comering stffffiess is given by 
(dFya 
Ca =- 
da aO 
(2.2) 
The cornering stfffness is defined as the negative of the slope, and is therefore positive. 
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The maximum cornering force, which is equal to the peak coefficient of friction 
multiplied by the normal load, usually occurs when the slip angle is between 15 and 25 
degrees [8,18]. Beyond the peak value, the cornering force diminishes as the sliding 
region grows in the contact patch. At a 90 degree slip angle (beyond normal operating 
conditions and corresponding to a vehicle sliding sideways without forward motion), the 
cornering force is equal to the sliding friction coefficient multiplied by the normal load. 
The cornering stiflhess of a tyre is dependent on a number of factors, most notably the 
normal load and inflation pressure. The effect of normal load on the cornering stiffness 
and cornering coefficient is discussed in a number of text books [8,18] and also in work 
by Chu [42]. The cornering coefficient is the ratio of the cornering stiffness to the 
magnitude of the normal load. It should be noted that the cornering stiffness increases to 
a maximum near the rated load of the tyre [8]. This increase in stiffness is not 
proportional to the increase in magnitude of the normal load and, as a consequence, the 
cornering coefficient decreases as the magnitude of the normal load is increased. The 
cornering stiffness of a tyre also increases with an increase in the inflation pressure but 
the increase tends to be less significant than that observed with normal load [ 18]. This is 
shown in the papers by Nordeen and Cortese [22], and also Collier and Warchol [28]. 
Segel [43] has studied the relationship between the aligning moment (sometimes referred 
to as the aligning torque) and slip angle for a bias- and radial-ply truck tyre at various 
normal loads. Initially, the aligning moment increases with an increase in slip angle. The 
moment reaches a maximum at a particular slip angle and then decreases with a further 
increase in slip angle. It should be noted that the maximum aligning moment does not 
usually occur when the cornering force is at a maximum [38]. This is mainly because the 
sliding of tread elements at the rear of the contact patch causes the point of application 
of the cornering force to shift forward. At very high slip angles the sliding region can 
advance forward such a distance that the aligning moment can become negative [8,44]. 
2.7.2 Camber Angle 
When a camber angle is applied to a tyre, a camber thrust Fy,, develops orientated in the 
direction the tyre is inclined. This is shown in Figure 2.11. This camber thrust is 
generated because the axis of rotation of the tyre is not paraHel to the ground, but the 
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tyre is constrained to move in a straight-line. The thrust acts in front of the wheel centre 
and an aligning moment is also produced. The aligning moment due to camber angle for 
a bias-ply tyre is typically of the order of 10 percent of the magnitude produced in 
response to an equivalent slip angle, and the value is even less for a radial-ply tyre [8]. 
7 
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Figure2.11 Behaviour of acwnbered tyre 
The relationship between camber thrust and camber angle is discussed in reference [22], 
and is characterised by a parameter referred to as the camber stifffiess C, , given by 
Cy = 
(LFY,, )I 
(2.3) 
dy r-O 
The camber stifffiess is typically between 10 and 20 percent of the cornering stifffiess. 
Similar to the cornering stiffness, the normal load and inflation pressure have an 
influence on the camber stiffness. The camber stiffness increases with an increase in the 
magnitude of the normal load [22]. This is shown in work by Segel [43] who considered 
the variation of stiffness with normal load for three truck tyres. An increase in the 
stiffiiess is also observed for bias-ply tyres with an increase in inflation pressure. Radial- 
ply tyres, however, are much less sensitive to changes in the inflation pressure [36]. 
2.7.3 Conicity and Ply Steer 
It is interesting to note that, due to "non-syrnmetries [10]" in the tyre construction, such 
as conicity and ply steer, a lateral force usually develops even at zero slip and camber 
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angles. Conicity is usually caused by an asymmetrical offset in the position of the belts 
during fabrication. The tyre has a bias towards a conical shape and, as a consequence, 
will want to follow an arc centred about the apex of the cone. This is shown in 
Figure 2.12. The tyre is restrained to maintain a straight-line during rolling and, thus, a 
lateral force develops. The lateral force does not change direction with reverse rotation. 
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Figure 2.12 Conicity in an automobile tyre 
Ply steer arises due to the orientation of the cords in the belts, and is generally a larger 
effect than conicity. During free-rolling, the tyre will steer. from its intended straight-line 
course. A lateral force develops when the tyre is constrained to roll in a straight-line and 
this force changes direction with reverse rotation. To minimise the effect of ply steer, the 
cords in successive layers of the belt are orientated at opposite angles (see Section 2.2). 
2.8 Combined Braking and Cornering 
When longitudinal and lateral slip are applied simultaneously to a tyre, both the 
longitudinal and lateral forces differ considerably from the values obtained under 
independent conditions [8]. Figures 2.13 and 2.14 show the influence of longitudinal slip 
and slip angle on the braking force and lateral force, respectively. These measurements 
were taken from the text book by Milliken and Milliken [10]. They show that applying a 
slip angle usually reduces the braking force at a constant longitudinal slip. Similarly, 
applying a longitudinal slip usually reduces the lateral force at a constant slip angle. The 
relationship between the braking and lateral forces under various slip conditions has 
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been investigated by many researchers [33,45] and it can be shown that the friction 
ellipse concept introduced in Chapter I is realised by enveloping the resultant curves. 
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Figure 2.13 Variation in braking force with longitudinal slip at various slip angles [10] 
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Figure 2.14 Variation in lateral force with longitudinal slip at various slip angles [10] 
Based on the experimental observations described above, attempts have been made to 
formulate simple models to predict the longitudinal and lateral forces as functions of 
longitudinal slip and slip angle. Two of the most common models are the 'brush model' 
[33,45,46] and the 'magic formula model' [34,47,48]. The brush model is a semi- 
empirical tyre model which derives a relationship between the slip condition and the tyre 
response based on a limited understanding of both the tyre structure, and the interaction 
between the tyre and the ground. The magic formula model is an empirical model and 
determines the complex relationships based on experimental data. A detailed overview 
of these tyre models and other empirical and serni-empirical models is provided in 
reference [34]. The text book by Wong [ 18] also gives some insight into simple models. 
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2.8.1 Brush Model 
The brush model is based on an idealised representation of the tyre local to the contact 
patch. The model consists of a row of elastic cylinders radially attached to a circular 
belt. The cylinders represent tread elements and the belt is assumed to deflect only in the 
vertical direction by applying a normal load. A contact length arises, and in the case of a 
frictionless contact surface, the cylinders (tread elements) are assumed to be orientated 
normal to both the ground and the flattened region of the belt. In the presence of 
friction, the cylinders deflect in the longitudinal and lateral direction when the tyre/wheel 
deviates from the free-rolling condition. The deflection of the tread elements is 
established by considering the displacements at both ends of the cylinder. The tractive 
contact stresses are acceptably assumed to be linearly dependent upon the deflections 
(when no sliding occurs in the contact patch), and are calculated based on the 
longitudinal and cornering stiffnesses which are determined from experimental data. 
Sliding of the tread elements in the contact patch is introduced when the resultant shear 
stress exceeds the maximum allowable shear stress r.. determined by the coefficient of 
friction a and the normal pressure q,. In the landmark paper by Dugoff et al. [33], the 
normal pressure distribution in the contact patch is assumed to be uniform. Although 
this approximation is not exact, it represents an acceptable estimation for radial-ply tyres 
except at the edges of the contact patch. The maximum shear stress is given by 
2+ TYX2 )1/2 = Ul a. 
"IF I 
T.. z; (2.4) 21w 
where I is the contact patch half length, and w is the contact patch width. It should be 
noted that this equation is related to the friction ellipse concept previously discussed. 
In contrast to Dugoff et al. [33], other researchers have assumed different normal 
pressure distributions. In the models developed by Bernard et al. [45] and Francher et 
al. [46], the distribution in the contact patch is assumed to be trapezoidal in form, as 
shown in Figure 2.15, and is determined by the ratio a12L A uniform distribution is 
obtained when the ratio al2l is equal to zero and a triangle distribution is obtained when 
al2l equals 0.5. Bernard et al. [45] discuss varying the ratio al2l and suggest a uniform 
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distribution for radial-ply tyres and a distribution defMed by the ratio a121 equals 0.25 
for bias-ply and bias-belted tyres. Both Zegelaar [41] and Sakai [49] assumed a 
parabolic distribution. In the author's opinion, a better method would be to use contact 
stresses obtained by physical testing. However, such data has not been readily available. 
In Chapter 3, data is presented that could be used with the brush model to improve 
understanding of the contact patch stresses and their relationship to the global forces. 
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Figure 2.15 Nonnal pressure distribution [45] 
2.8.2 Magic Formula Model 
In the general form, the magic formula model [34,47,48] is based on the observation 
that global tyre force and moment characteristics under pure slip conditions (either 
longitudinal slip or slip angle) appear to be sine curves that have been modified by 
introducing an arctangent function (see Figures 2.7 and 2.10). The magic formula is 
y(x) = Dsin(Carctan[Bx - E[Bx - arctan(Bx)])) (2.5) 
where 
Y(X) = Y(X) - S, 
and 
X+ Sh 
Y(X) is either the longitudinal force F., the lateral force Fy, or the allgning moment 
M,, andX is either the longitudinal slip s or slip angle a. The significance of the 
coefficients B, C, and D. and also the offsets Sh and S, is shown in Figure 2.16. 
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Figure 2.16 Coefficients used in the magic formula tyre model [44] 
The coefficient D represents the peak value and the coefficient C determines the shape 
of the curve. Typical values used for the shape factor C are 1.65,1.30 and 2.40 for the 
longitudinal force, lateral force and aligning moment curves, respectively [47]. The 
coefficients C and D also determine the asymptotic value at large slip angles y, via 
Y. = Dsin 
Irc (2.6) 
2 
The coefficient B influences the slope of the curve at the origin BCD. As discussed in 
Sections 2.6 and 2.7, the initial slope of the longitudinal force-slip and lateral force-slip 
angle curves is characterised by the longitudinal stifffiess C, and the comering stiffness 
C., respectively. The coefficient E influences the curvature near the peak of the curve 
and the longitudinal slip or slip angle xM at which the peak value occurs, and is given by 
B x. -4 i2CLr) c (2.7) 
B x. - aretan(B x. ) 
The offsets Shand S, account for rolling resistance (see Section 2.5) in the longitudinal 
force curve. In the lateral force and allgning moment curves, they account for non- 
symmetries in the tyre construction, such as conicity and ply steer (Section 2.7.3), and 
may also be used to represent the offset of the lateral force curve due to camber angle. 
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To express the dependence of the coefficients B, C, D and E and the offiets Sh and S, 
on the normal load, further functions are provided. The numerous constants (more than 
30) in these functions are described by Pacejka and Bakker as the "ultimate parameters 
in the model [47]. " These parameters are determined by regression techniques from tyre 
experimental data and are usually calculated with specific computer software [50,51]. 
It is important to reiterate that the magic formula model does not incorporate an 
understanding of tyre behaviour or the interaction between the tyre and the ground 
surface, and therefore it has only a limited use in the development of smart tyre 
technologies. Nevertheless, it is noted that many years' research has been borne out of 
this formula and its ability to predict tyre characteristics under a wide range of 
conditions. The formula is routinely used in the automotive industry and was 
instrumental in the evolution of tyre modelling as a vehicle and tyre development tool. 
2.9 Finite Element Models 
In parallel with simple models, there has also been a move towards simulating rolling 
tyres by the Finite Element (FE) method and numerous FE models are presented in the 
literature. These models have evolved as the software has developed and computational 
power has increased, and as a consequence, the models vary greatly. Implicit FE 
software was initially used to simulate tyre behaviour but the complexity of the 
automobile tyre structure, and limitations associated with the implicit method meant the 
prediction of dynamic tyre responses was not feasible. Thus, most simulations have been 
limited to prediction of static behaviour [52-54]. In the early 1970's, Durand and 
Jankovick [52] and then later (in 1981) Kennedy, Patel and McMinn [53] simulated tyre 
deformation due to inflation pressure. Trinko [54] attempted to simulate the pressure 
distribution in the contact patch under normal load but only a reasonable correlation was 
obtained with experimental data. The author suggests the correlation is related to the 
mesh specification which was limited by the available computational resource. Similar 
work has been carried out by other researchers [55,56] with varying degrees of success. 
In recent years, increases in computational power and the development of explicit FE 
software has made the prediction of dynan& (rolling tyre) behaviour attainable, and 
work in this area has increased. The work, however, has focused on the prediction of 
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global tyre behaviour [57-60]. Koa and Muthukrishnan [57] have simulated the global 
responses of a tyre impacting a cleat and a reasonable correlation was obtained between 
the dynamic forces at the wheel hub with those obtained experimentally. Further work 
has also been carried out by Kamoulakos and Koa [58], and Hanley [59]. At selected 
inflation pressures, Koishi, Kabe and Shiratori [60] have simulated the cornering forces 
of a radial-ply passenger car tyre. To the author's knowledge no other work has been 
performed to specifically simulate local tyre behaviour in the contact region. And it is 
this category of model which is essential to the development of smart tyre technologies. 
To develop a FE model, a physical understanding of the tyre structure, particularly the 
geometry and material properties, is required. The tyre structure is divided into small 
discrete subregions (elements) joined only at specific points (nodes) on their boundaries 
to form a mesh. This is shown in Figure 2.17 [61]. The forces are transmitted by the 
nodes from one element to the next. The elements may be one-, two, or three- 
dimensional as described in the text book by Mottram and Shaw [62], and the model 
may consist of a few axisymmetric elements [63] or many thousands of solid and 
shell/membrane elements [57,64]. The most frequently used elements are based on the 
stiffness method and the stresses, strains and displacements are determined by simple 
displacement functions; the unknown in these functions being the nodal displacements. 
2.9.1 Implicit Integration 
In traditional implicit integration, the response of an element in the FE mesh is given by 
(2.8) 
where IF') is the element force vector, [K*] is the element stiffness matrix, and IS') 
is the element displacement vector. It should be noted that for an eight-node solid 
element, nodal displacements comprise three independent translational displacements. 
Similarly, three independent forces are assumed to act at each node. These independent 
forces and displacements are defined based on a Cartesian coordinate systen-4 and have 
components in the x-, y- and z-directions, such that at node i the nodal displacements 
, ýj, 
Fyj and F.,. The element vectors IF') are u,, v, and w,, and the nodal forces are F 
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and IS') have twenty four terms (degrees of freedom m) and thus [W] is a 24 by 24 
matrix. In a whole structure, the number of degrees of freedom is a combination of all of 
the element degrees of freedom and are typically in the order of hundreds of thousands. 
U Cross-Sectlon 
Figure 2.17 Finite element model of a passenger car tyre 
In non-linear analysis which is necessary for the simulation of tyre behaviour, the global 
force vector {F) and stifffiess matrix [K] are non-linearly dependent upon the global 
displacement vector {8) and the complexity and computational time is increased. To 
determine the non-linear response, the force-displacement relationship is usually broken 
down into a series of linear steps, and a combination of load incrementation and iteration 
methods are employed to obtain the final solution. A general overview of these methods 
is provided by Becker [65]. Further details on the algorithms etc. are presented in the 
text book by Crisfield [66]. The methods are usually automated in the software package 
and require little or no interaction from the FE analyst. Thus, the accuracy of these 
numerical methods has a significant influence on the reliability of the simulation results. 
Implicit solution methods can also be used to progress simulations in the time domain, 
but the global equilibrium must first be achieved by iteration before the local element 
variables are calculated. In contrast, explicit methods calculate local variables directly 
without the need for global equilibrium calculations. Thus, the explicit method is better 
suited for predicting highly transient deformations [67]. This is the reason the explicit 
package LS-DYNA [17] is used for the simulation work herein. The fundamental 
difference between explicit and implicit time integration methods is demonstrated by 
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comparison of the solution of Newton's Second Law using each method [68]. Newton's 
Second Law can be expressed in matrix format (ignoring damping) for FE purposes as 
[M] (ä) + [K] (8) = {F. ) (2.9) 
where [M] is the mass matrix and {9), and {F,. ) are the nodal accelerations and 
extemal force vectors, respectively. 
In implicit integration, a solution is incremented from step n to step n+I in time. The 
implicit program iterates to determine Equ. (2.9) is satisfied by the equilibrium of interrial 
forces (left-hand side) with external forces (right-hand side) and the implicit solution is 
+[K]{8). +I = (Fý, )», 1 
The time integration is typically calculated using a finite difference method based on 
average acceleration and, thus, the nodal accelerations and displacements are related via 
2 {8). ++2 (8),, + {S) 
At24 
By substituting Equ. (2.11) into Equ. (2.10), the displacements can be solved directly: 
4[M] 
+ [K] (8).., + 
4[M] 
(2 {8). - (2.12) At, 
I 
At 2 
[M](2 18), + {8 
where At is the time step size. The displacements at step n +I are a function of the 
displacements and accelerations at the previous time step and, thus, Equ. (2.12) requires 
the formation of the mass/stifffiess matrix terms on the left-hand side before equilibrium 
calculations can commence. If equilibrium is not achieved, the matrix coefficients 
need to be recalculated with a different time step at a considerable computational cost. 
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2.9.2 Explicit Integration 
In explicit integration, Equ. (2.9) is first rearranged into the form: 
(8) = (fý (F, ) - (Fi. ) (2.13) 
where (Fi. ) is the internal nodal force vector and the accelerations can be calculated 
directly via a diagonal (lumped) mass matrix that is trivial to solve. Thus, the nodal 
velocities and displacements can then be calculated via the central-difference method as 
18}n-112 + At (8). (2.14(a)) 
{8)n+l ý- {8)n + Atn+l {8)n+112 (2.14(b)) 
where 
Atn+l +At" 
2 
It should be noted that in Equ. (2.14(a)) the velocities are calculated at the half time step 
position but this is usually trivial because the time step size is small [68]. More 
significantly is the fact that (for stability of the central-difference method) the time step 
size is limited by the system frequency w. The stable time step size can be shown to be 
ü) 
Thus, the maximum time step size is governed by the highest system natural frequency. 
A good estimate of the highest frequency of the system can be obtained by considering 
the properties of the individual elements in the mesh. This method has a significant 
computational benefit [68] and is therefore used in explicit software programs. 
In the program, the time step size for each element is calculated to determine the 
controlling value. Increasing the mass (via the element mass matrix [M]) or reducing 
30 
the stiffness (via the element stiffness matrix [K']) of the controlling elements increases 
the stable time step by reducing the highest frequency of the mesh. Obviously, reducing 
the mass or increasing the stifffiess has the opposite effect. An increase in the time step 
size reduces the computational time, and visa versa This method to reduce simulation 
time is used by the author in Chapters 5 and 6. In non-linear analysis, there is not a 
significant increase in computational time because the small time step size effectively 
allows the development of numerical methods that linearise the non-linear response [67]. 
A comprehensive description of these methods is provided by Belytschko et al. [69]. 
2.10 Summary 
A review of the tyre research literature has been completed. The chapter has described 
the modem automobile tyre structure and the normal and shear stresses, and resultant 
forces and moments exerted on it. Previous work carried out to characterise tyre 
behaviour in the contact patch has been discussed and the related attempts to simulate 
this behaviour using simple empirical and semi-empirical models have been highlighted. 
An overview of complex FE tyre models has also been presented and the implicit and 
explicit methods have been discussed. Thus, the information reported in this chapter is 
essential to aid understanding of the research methodology and discussions presented in 
subsequent chapters. The chapter has highlighted the lack of knowledge about local tyre 
behaviour in the contact patch and the absence of existing tyre models to simulate this 
behaviour. By doing so, the chapter has established the motivation behind this thesis. 
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Chapter 3 Experimental Work to Characterise Tyre 
Behaviour in the Contact Patch 
3.1 Introduction 
Numerous papers exist which present simple models that predict resultant forces and 
moments in a rolling tyre. As discussed in Section 2.8, the models may be broadly 
categorised into two groups; empirical models, notably the 'magic formula model' [34, 
47,48], and sen-d-empirical models such as the 'brush model' [33,45,46]. Empirical 
models derive a relationship between the an input condition and the tyre response using 
experimental data. Semi-empirical models combine experimental data with a limited 
understanding of the tyre structure and the interaction between the tyre and the ground, 
but in doing so, imply the nature of the contact normal and shear stress distributions. 
In parallel with these simplified treatments there has also been a move towards 
simulating rolling tyres by the Finite Element (FE) method (see Section 2.9). Although 
FE tyre models have the potential to show internal structural deformations local to the 
contact patch, the models have tended to be used to simulate global tyre behaviour [57, 
59,60]. Advanced simulations of rolling tyres are important to the tyre industry since if 
contact patch stresses could be continually measured in each of the tyres under motion, 
that tyre could become a key sensor in future vehicle control technology [7,70]. To 
assess the performance of such models, there is a need to have physical test data that 
corresponds to 'actual' contact deformations. Thus, the purpose of this chapter is to 
enhance understanding of tyre behaviour in the contact patch with reference to the 
author's need to validate FE simulations. The investigation also contributes essential 
new physical test data that could be used by tyre technologists and/or vehicle dynamic 
analysts to evaluate the assumed contact stresses in existing semi-empirical models. 
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3.2 Experimental Tyre 
A P195/65 R15 automobile tyre mounted on a standard wheel with a S. SJ rim contour 
was provided by Dunlop Tyres Limited for the purpose of the investigation. The same 
experimental tyre was also used in the related project carried out by Dennehy [9]. 
A labelled and dimensioned sketch of the tyre cross-section is shown in Figure 3.1. 
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Figure 3.1 Experimental tyre cross-section 
The construction of the experimental tyre was considered to be typical of a radial-ply 
passenger car tyre (see Section 2.2) and consisted of a number of rubber components 
(tread, sidewall, liner, apex and clinch), and a number of reinforced rubber composites 
(bead, carcass plies and belt). The carcass comprises two plies of nylon cords orientated 
at 90 degrees to the tyre circumference and the belt comprises two plies of steel cords 
known as breakers, and two plies of nylon cords referred to in this thesis as bandages. 
This terminology is common in the tyre industry. The steel cords in the belt are 
orientated at approximately 20 degrees to the tyre circumference and the nylon cords are 
oriented circumferentially around the tyre. The tyre has a simple plain tread consisting of 
two circumferential grooves. This tread pattern was selected to eliminate the complex 
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but small scale local effects which are caused by modem tread designs. The grooves 
were cut in the experimental tyre to represent the approximate ratio of contacting to 
non-contacting patch area, the 'land/sea ratio', observed in a typical automobile tyre. 
3.3 Testing Equipment 
The stationary (non-rolling) behaviour of the experimental tyre was investigated using a 
load-deflection machine and the rolling behaviour using flat bed and rolling drum tyre 
testing machines at the research laboratories of Dunlop Tyres Ltd., Birmingham, UK. 
3.3.1 Load-Deflection Machine 
The load-deflection machine shown in Figure 3.2 is used to measure the structural 
behaviour of a stationary tyre under normal load. The machine consists of two adjustable 
carriages running on rails, and a rigid glass plate against which the tyre is loaded. The 
specimen is mounted on a wheel unit and subjected to quasi-statical loading. The rear 
carriage contains an electrically operated loading system which allows normal loads to 
50 kN to be applied. The position of the carriage is set by means of four pegs which fit 
into holes to give a coarse adjustment to enable a range of tyre sizes to be tested. The 
second carriage contains the load cell and the unit to which the tyre/wheel is attached. 
The glass plate can also be adjusted to give camber angles between ± 45 degrees. 
Static Glass Plate 
- 
Adjustable Carriages 
Figure 3.2 Load-deflection machine 
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3.3.2 Flat Bed Tyre Testing Machine 
The rolling tyre experiments on the flat bed tyre testing machine were carried out by a 
colleague at the University of Warwick [9] with the assistance of the author. The flat 
bed tyre testing machine is shown in Figure 3.3. It should be noted that the physical 
testing data has not previously been analysed in the detail presented in this thesis. 
screw Jacks 
Experimental Tyre 
Horizontal Surface 
Figure 3.3 Experimental set-up on the flat bed tyre testing machine [9] 
The flat bed tyre testing machine is used to roll a tyre at a low-speed over a 1.83 m long 
horizontal surface. On top of the steel flat bed there is a thin surface layer of Safety 
Walk', a coarse glasspaper material. The tyre is normally loaded against the surface 
which is then electrically driven in the longitudinal direction at a constant speed of 
0.05 m/s (0.18 km/h) causing the tyre to rotate. The tyre rolls over a stress transducer 
embedded in the horizontal surface (see reference [9]). This transducer measures the 
normal and shear stresses at the surface, and is regularly calibrated to ensure its 
accuracy. The measurements are sampled at a frequency of 100 Hz, processed by an 
adjoining computer and then stored electronically in ASCII-format computer data files. 
These files are loaded into MATLAB [71] for analysis and visualisation. Adjustment on 
a number of electrically operated screw jacks allows normal loads to 35 kN, and slip and 
camber angles between ±15 and ±25 degrees, respectively, to be applied to the tyre. 
Lateral offsets can also be applied to change the position of the tri-axial stress 
' Trade mark of 3M United Kingdom PLC (http: //www. 3m. com) 
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transducer relative to the tyre's centre-line. A program executed on the adjoining 
computer is used to calculate the screw jack settings for the required normal load, 
lateral offset, and slip and camber angles. The jack settings are then applied manually. 
3.3.3 Rolling Drum Tyre Testing Machine 
The rolling drum tyre testing machine is used to roll a tyre on a 2.39 m diameter drum, 
as shown in Figure 3.4. The tyre is mounted on a stub axle, which is connected to a 
frame structure and supported to ground. The drum has the same Safety Walk surface as 
the flat bed tyre testing machine. A computer controlled hydraulic system allows normal 
loads to 10 kN, and slip and camber angles between ± 14 degrees to be represented. The 
rotation of the drum is electrically driven and causes the tyre to rotate in the opposite 
sense to that of the drum. The tangential speed of the drum surface (0 to 230 km/h) is 
selected via a control panel and regulated by a computer control system. The drum and 
tyre are accelerated to the desired speed, and then maintained constant for the duration 
of the test. The tyre rolls over a stress transducer embedded in the surface of the drum. 
This transducer is similar in construction and operation to that on the flat bed tyre 
testing machine. The normal and shear stresses are sampled at a constant frequency of 
1024 Hz, processed by an adjoining computer and then stored electronically in ASCII- 
format computer data files. MATLAB [71] is again used for analysis and visualisation. 
Hydraulic 
Drum 
Figure 3.4 Sketch of rolling drum tyre testing machine 
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Frame Strudure 
3.4 Tyre Experiments 
The experiments carried out oil tile load-deflection machine are referred to lici-C as the 
stationary experiments. Those carried out oil tile flat bed and rolling druin tyrc testing 
machine are reterred to as the flat bed and drum experiments, respectivcly. It should be 
noted that, in all the experiments, the inflation pressure oftlic tyre was kept constant at 
200 kPa (29 psi). This is because the inflation pressure is knovvil to Influence tyre 
characteristics (see Sections 2.5 and 2.7). To ensure a meaningful comparison between 
the flat bed and drurn experiments, similar environmental conditions were also observed. 
3.4.1 Stationary Experiments 
The stationary experiments were conducted to determine the vertical stiffincss and tile 
growth of the contact patch tinder normal load. Fxperiments were conducted at normal 
loads between I kN and 5M in increments of I kN. The lyre's surface was coatcd in 
carbon black and a sheet of card was fixed to the glass plate. A print of the contact 
patch was produced at each normal load. The contact patch prints at 1,3 and 5 kN are 
shown in Figure 3.5. Tile contact patch dimensions were measured from these prints 
using a mm ruler. The contact length was measured at tile lateral centre of the tyre (see 
Figure 3.1) and the width was measured at the longitudinal centre, i. e. along the. v-axis. 
li)-ø. v 1Ii-py (a) (b) (c) Figure 3.5 Contact patch prints: (a) I kN; (b) 3 kN; (c) 5 kN 
3.4.2 Flat Bed Experiments 
The objective of the flat bed experiments was to characterise the normal pressure and 
shear stress distributions in the contact patch when the experimental tyre was rolled on a 
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horizontal surface. The contact patch behaviour was investigated under free-rolling and 
cornering conditions (see Section 2.5 and 2.7), and the experiments were conducted 
with the following parameters as independent variables: 
" normal loads between I kN and 5 kN, in increments of I kN; 
" slip angles to 2 degrees, in 0.5 degree intervals; and 
" camber angles to 6 degrees, in 2 degree intervals. 
During the slip and camber angle experiments, the normal load was kept constant at 
3 kN. This value was selected based on the assumption that the weight of a typical 
saloon car is 12 kN (i. e. 3 kN per wheel). A constant normal load was applied because 
the tyre/ground friction coefficients and cornering characteristics are known to be 
influenced by normal load. This has previously been mentioned in Sections 2.6 and 2.7. 
To compensate for conicity and ply steer effects, a slip angle correction was applied to 
the experimental tyre. The correction was approximately -0.4 degrees and the 
application of a slip angle was additional to this correction. Thus, an experiment 
conducted at zero slip angle was actually performed at a slip angle of -0.4 degrees and at 
a slip angle of I degree the test was performed at 0.6 degrees etc. [9]. The slip angle 
correction ensured that the tyre was in the free-rolling condition, i. e. the lateral force 
exerted on the tyre was about zero when zero slip and camber angles were applied. 
3.4.3 Rolling Drum Experiments 
The rolling drum experiments were conducted to characterise the normal pressure and 
shear stress distributions in the contact patch when the tyre was rolled over a cylindrical 
surface. The drum experiments were conducted with the following parameters as 
independent variables: 
" normal loads between I kN and 5 kN, in increments of 1 kN; 
" speeds between 10 km/h and 50 km/h, in increments of 10 knV14- 
" slip angles to 4 degrees, in I degree increments; and 
" camber angles to 4 degrees, in I degree increments. 
It should be noted that the slip angle correction described in relation to the flat bed 
experiments was again applied. The normal load exerted on the experimental tyre during 
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the speed, slip and camber angle experiments was also again kept constant at 3 kN- 
3.5 Results and Discussion: Stationary Experiments 
The load-deflection characteristics of the experimental tyre are shown in Figure 3.6. In 
the figure, the normal load is given in kN and the deflection in mm. The load was 
measured by the load cell on the rear carriage. This load cell was calibrated to comply 
with the requirements of Dunlop Tyres Ltd. in-house procedures in accordance with 
ISO 9001. An approximately linearly relationship is observed between the load and 
deflection. This relationship is typical and has been confirmed by others researches [35, 
72]. The stiffness of the experimental tyre is estimated to be approximately 180 kN/m. 
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Figure 3.6 Measured nomml load-deflection characteristics 
As an undeflected tyre is inflated, it takes up an equilibrium shape. This inflated shape 
causes tension in the cords of the carcass plies and belt (casing cords), and in the cords 
of the bead, referred to as the bead coil. To carry a normal load, the tyre deforms and a 
contact region develops at the interface between the tyre and ground surface. The 
growth of this contact patch in the experimental tyre is shown in Figure 3.7. The 
inflation pressure acts through the tyre and onto the surface. As the normal load 
increases, the contact patch becomes longer and wider and changes from an oval shape 
to a rectangular one. This has been shown for the experimental tyre in Figure 3.5. The 
tension in the casing cords in the contact region is determined by the tension in the cords 
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3 
Noffnal Load 
in the defonned 'free' regions (adjacent to the contact region) not the inflation pressure. 
In the defortned free regions there is a reduction in the curvature and, as a consequence, 
the tension in the cords is reduced. However, the tension in the bead coil is rnaintained 
by the load transmitted from the wheel to the tyre. In effect, "the wheel rim hangs in the 
bead coil which in turn hangs in the tyre walls away from the deflected region [72]. " 
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Figure 3.7 Measured contact patch dimensions with normal load: (a) length; (b) width 
To provide a meaningful comparison, the contact patch dimensions (length and width) 
are presented on identical axes. The experimental measurements are represented by the 
circular points and a line of 'best-fit' is also included. The possible errors are 
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represented with 'error bars'. The normal load is equal to the inflation pressure 
multiplied by the contact area plus a small contribution due to the tyre structure [72]. 
Since the inflation pressure remains approximately constant, the contact patch area and, 
hence, the contact length and width grow as the load increases. An approximately linear 
relationship between load and contact patch length, and a non-linear relationship 
between load and contact patch width are observed (for loads between I kN and 5 kN). 
The rate of increase of the contact patch width reduces as the normal load is increased. 
3.6 Results and Discussion: Flat Bed Experiments 
In Figures 3.8,3.10 and 3.11, and Figures 3.12 to 3.15, plots are presented for the stress 
distributions measured using the transducers in the flat bed and rolling drum testing 
machines, respectively. The two transducers were again calibrated to comply with the 
requirements of Dunlop Tyres Ltd. in-house procedures in accordance with ISO 9001. 
The components measured are the normal Pressure, and the longitudinal and lateral 
shear stresses. The normal engineering sign convention is used [73] and the units for 
stress are kPa. To provide a basis for a meaningful comparison (as was the case for the 
contact patch length and width), the normal pressure and shear stress ranges are 
identical in each of the figures. It should be noted that the stress values are those 
measured by the stress transducer as the contacting tread element progresses through 
the contact patch. These normal pressure and shear stress measurements are assumed to 
be the same as the instantaneous stresses in the contact patch. In what follows the 
contact patch starts on the left-side of the plot and the first part of the stress distribution 
is referred to as the 'front'. The contacting element progresses through the contact 
patch from left to right. The 'rear' of the contact patch is the region where the contact is 
gradually lost. The region between the front and the rear is referred to as the 'centre'. 
It is recognised by the tyre industry that no measurements should be taken from a rolling 
tyre until it has revolved approximately one revolution. This relaxation distance (see 
Figure 2.9) for the experimental tyre is approximately 1.8 m. The ordinates in Figures 
3.8,3.10 and 3.11, and Figures 3.12 to 3.15 give the distance travelled by the tyre and 
are different on the two tyre testing machines. In the case of the flat bed tyre testing 
machine, the distance is limited by the travel of the horizontal surface. This limit is 
approximately 0.9 revolutions of the tyre. The same restriction does not apply to the 
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rolling drum tyre testing machine and the tyre was therefore allowed to roll significantly 
further than the relaxation distance. For the stress distributions shown in Figures 3.8, 
3.10 and 3.11, and Figures 3.12 to 3.15, the distance represented by the plots is 0.2 m. 
The presence of the Safety Walk surface provides a high friction contact which is 
believed necessary to obtain shear stress measurements that are comparable to how 
contact and friction is modelled by FE simulation. In the related work by Dennehy [9], a 
series of tests with the flat bed tyre testing machine has been conducted and the 
contacting surface was either steel or 'highly' greased steel. It is the author's opinion 
that with these two surface conditions, the stress transducer output was adversely affect 
by slippage (low friction). Thus, simulation of these results was considered unfeasible. 
3.6.1 Free-Rolling Characteristics 
The normal pressure and shear stress distributions in the contact patch at normal loads 
between I kN and 5 kN are shown in Figure 3.8. These measurements were obtained 
along the length of the contact patch at the lateral centre of the tyre (see Figure 3.1). As 
discussed in Section 3.4.2, a slip angle correction was applied to the experimental tyre. 
The normal pressure at the front of the contact patch is shown in Figure 3.8(a) to be 
slightly greater than that at the rear. This characteristic has been previously discussed in 
Section 2.5. The distribution is not symmetrical because a longitudinal force, usually 
referred to as the rolling resistance, exists in the contact patch. This rolling resistance is 
also evident in Figure 3.8(b) where the magnitude of the longitudinal shear stresses at 
the rear of the contact patch are greater than those at the front. As discussed, the rolling 
resistance will change on different surfaces, and with various tyre constructions and 
sizes. This point is worthy of consideration if the normal and shear contact stress 
distributions presented in this thesis are to be used (herein or by others) to validate 
advanced FE models or evaluate the assumed contact stresses in semi-empirical models. 
As a tread element enters the contact patch, the normal pressure (Figure 3.8(a)) exerted 
on the horizontal surface rapidly increases to a maximum, and then steadily reduces as 
the element progresses through the contact patch. The maximum pressure in 
Figure 3.8(a) does not change with normal load and it is approximately 320 kPa. This 
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Figure 3.8 Measured contact stress distributions with normal load on a horizontal 
(flat) surface: (a) normal pressure; (b) longitudinal shear stress; (c) lateral shear stress 
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exceeds the tyre inflation pressure by a factor of 1.6. DcBecr [23] suggests the 
maximum pressure in the contact patch exceeds the inflation pressure by a factor 
between 1.5 and 2.0. Before the element exits the contact patch a slight increase in the 
normal pressure is observed and this increase becomes more evident as the normal load 
increases. The normal pressure rapidly reduces to zero as the element exits contact. 
A reduction in the normal pressure at the centre of the contact patch is observed 
(Figure 3.8(a)) as the normal load increases. At the same time there is an increase in the 
contact length from about 0.06 to 0.16 m. The length is similar to that determined under 
stationary (non-rolling) condition as shown in Figure 3.7(a). A comparison between the 
static and rolling contact lengths is given in Table 3.1. The measurements also confirm 
the observation by Browne et aL [3 1] that there is a reduction in the normal pressure as 
the tyre centre 'buckles' upwards under increasing normal load. A larger proportion of 
the pressure distribution must be shifted to the tyre shoulders as the pressure at the 
lateral centre reduces [9,23]. To verify such a redistribution in pressure it is necessary 
to move the transducer laterally across the contact patch width and repeat the flat bed 
experiments. This has been confirmed for a flat steel surface in the work by Dennehy [9]. 
Normal load Stationary contact length Rolling contact length 
[kN] [niml [niin] 
1 56 59 
2 87 88 
3 113 114 
4 133 136 
5 155 156 
Table 3.1 Measured contact patch length of the stationary (no-rolling) and rolling tyre 
In Figure 3.8(b), the longitudinal shear stress exerted on the horizontal surface is shown 
to follow a sinusoidal-style sweep as a tread element progresses through the contact 
patch. The magnitude of the negative and positive longitudinal shear stresses increases 
as the normal load increases. At a normal load of 5 kN, the maxima are -120 and 
165 kPa, respectively. These characteristics are mentioned by Dennehy et aL [74], but 
the longitudinal (x-) axis is incorrectly identified as the lateral (y-) axis, and vice versa. 
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This highlights the lack of knowledge of contact patch behaviour and gives additional 
support to the motivation behind the thesis. The increase in the magnitude of the shear 
stresses at the rear compared to those at the front is also evident but is not discussed. 
The sinusoidal-style sweep in the longitudinal shear stresses shown in Figure 3.8(b) 
develops because the radius at the perimeter of the tyre tread changes [10] as shown in 
Figure 3.9. As a tread clement enters contact, the tangential velocity decreases as the 
radius reduces and a negative longitudinal shear stress is exerted on the horizontal 
surface; a positive shear stress must be exerted on the tyre. A positive shear stress 
develops on the surface at the rear as the tyre radius recovers. A small kink in the 
longitudinal shear stress is usuaUy observed at the trailing edge of the contact patch and 
is more evident as the magnitude of the normal load increases. This kink is also shown in 
the work published by Lippmann and Oblizajek [39] and by Seitz and Hussman [751. It 
is stated in the paper by Browne et al. [3 1] that no clear explanation for the behaviour is 
at hand. However, in a more recent paper by Lippmann [76] the kink is related 
to 'sfippagc' in the contact patch. The author believes this explanation to be correct. 
Figure 3.9 Radius change at the perimeter of the tyre tread; A> r2 > r3 < r4 < r5 
The lateral shear stresses (Figure 3.8(c)) are small in comparison to the longitudinal 
shear stresses. This is to be expected since the slip angle correction was applied to the 
tyre. If the slip angle correction was exact, the lateral shear stresses would be zero; 
conicity and ply steer effects would be negligible. Evidently this is not the case but the 
lateral shear stresses are not considered significant and, thus, are not discussed further. 
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3.6.2 Cornering Characteristics and Slip Angle 
The normal pressure and shear stress distributions in the contact patch under slip angle 
(a) variations to 2 degrees (in increments of 0.5 degrees) are shown in Figure 3.10. 
Further measurements at higher slip angles (up to 4 degrees) were also taken but the 
data was found to exhibit obvious errors and thus, the contact stresses are not presented 
herein. These errors were due to a problem associated with the stress transducer. The 
normal load exerted on the tyre during the slip angle tests was 3 kN and the applied slip 
angle was additional to the slip angle correction. It should be noted that by applying a 
slip angle, the orientation of the tyre axes (x-, y-) changes relative to the fixed transducer 
axes. A cross-coupling effect occurs, and the longitudinal (x-) and lateral (y-) shear 
stresses need to be resolved [9]. At small slip angles (<10 degrees), the cross-coupling 
effect is not significant, and its presence was neglected. This is shown in Appendix A. 
In Figure 3.1 O(a), a reduction (maximum 15 percent) in the normal pressure exerted on 
the Safety Walk surface is shown to occur as the slip angle increases. A slight reduction 
in the contact patch length is also evident. These characteristics are probably related to 
tread distortion occurring under slip angle conditions. A reduction of up to 30 percent is 
observed in the longitudinal shear stresses (Figure 3.10(b)) at the rear of the contact 
patch as the slip angle increases. A much smaller reduction occurs at the front where the 
stress is lower. These reductions are related to the friction ellipse concept described in 
Section 1.1. The friction ellipse assumes that the friction limit for a tyre is determined by 
the coefficient of friction and the normal load, and that the friction can be used to 
develop a longitudinal force, a lateral force or a combination of the two. Since the 
longitudinal and lateral resultant forces are related to the longitudinal and lateral shear 
stress distributions, the friction limit determines the shear stress that can develop. The 
available friction is dominated by the lateral shear stresses in Figure 3.10(c). As Figure 
3.10(b) shows, an accompanying reduction in the longitudinal shear stresses follows. 
In Figure 3.10(c), the lateral shear stress exerted on the surface is shown to increase 
approximately linearly as a tread element progresses through the contact patch. This is a 
common assumption in physical models [33,45,46]. The element enters the contact 
patch and remains in the original position of contact with the surface. The longitudinal 
axis (direction of heading) differs from the direction of travel and the element is 
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Figure 3.10 Measured contact stress distributions with slip angle on a horizontal 
(flat) surface: (a) normal pressure; (b) longitudinal shear stress; (c) lateral shear stress 
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deflected laterally. This has been discussed in Section 2.7.1. A positive slip angle is 
shown in Figure 3.11(c) to produce positive lateral shear stresses on the surface; 
negative shear stresses are exerted on the tyre. As expected, the lateral shear stresses 
increase as the slip angle increases. At 2 degrees slip angle the maximum stress is 
290 kPa Oust below the maximum normal pressure of 320 kPa at 0 degrees slip angle). 
3.6.3 Cornering Characteristics and Camber Angle 
The normal pressure and shear stress distributions in the contact patch under camber 
angle (, v ) variations to 6 degrees (in increments of 2 degrees) are shown in Figure 3.11. 
The normal load exerted on the tyre was 3 kN and a slip angle correction was applied to 
the tyre. The measurements were obtained at the lateral centre of the experimental tyre. 
A small increase in the normal pressure and a reduction in the contact patch length are 
shown to occur in Figure 3.11 (a) as the camber angle increases. This is because one side 
of the experimental tyre is 'lifted' from the surface, while the other side is compressed 
more against the surface. The shape of the contact patch changes [74] and the contact 
patch length at the lateral centre of the tyre reduces. It is postulated that the contact 
patch area also reduces and, as a consequence, a general increase in the normal pressure 
occurs. This is the reason for the increase in normal pressure at the lateral tyre centre. 
In Figure 3.11 (b), the longitudinal shear stress on the surface is generally shown to 
follow the usual sinusoidal-style sweep. At the front the shear stress remains 
approximately constant at 80 kPa as the camber angle increases. The magnitude of the 
recovering positive shear stresses at the rear significantly reduces and for higher camber 
angles it even becomes highly negative just prior to the transducer exiting the contact 
patch. These characteristics are consistent with those observed when a driving torque is 
applied to a tyre [31]. Their relationship to camber angle is not yet ftilly understood. 
A positive camber angle is generally seen in Figure 3.11 (c) to produce negative lateral 
shear stresses on the Safety Walk surface; positive shear stresses are exerted on the tyre. 
The magnitude of the lateral shear stresses are significantly lower (< 100 kPa) than those 
obtained under the equivalent slip angle conditions (see Figure 3.1 O(c)). This is because 
the camber stiffness of the tyre is significantly less than that of the cornering stiffness. 
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Figure 3.11 Measured contact stress distributions with camber angle on a horizontal 
(flat) surface: (a) normal pressure; (b) longitudinal shear stress; (c) lateral shear stress 
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As a tread element enters contact the lateral shear stress exerted on the horizontal 
surface increases negatively over a short distance of travel. The lateral shear stress 
remains approximately constant as a tread progresses through the contact patch, until a 
small kink is observed as the element exits contact. This kink is again understood to be 
due to the slippage in the contact patch. As expected, the magnitude of the lateral 
shear stresses in Figure 3.11 (c) are found to increase as the camber angle is increased. 
3.7 Results and Discussion: Drum Experiments 
Figures 3.12 to 3.15 present the results from the rolling drum tyre testing machine. 
When compared with the stress plots in Figures 3.8,3.10 and 3.11 from the flat bed 
machine it is straightforward to see similarities and differences. The discontinuous 
appearance of the plots in the drum experiments is a result of the constant sample rate of 
1024 Hz. The number of measurements collected in the contact patch therefore reduces 
as the speed increases and this sampling effect gets more prominent (see Figure 3.13). 
At 10 km/h the number of individual points is 75 but this reduces to 15 at 50 km/h. 
3.7.1 Free-Rolling Characteristics and Normal Load 
The normal pressure and shear stress distributions in the contact patch at normal loads 
between I kN and 5 kN (in increments of I kN) are shown in Figure 3.12. The 
tangential speed of the drum and tyre (no relative slip) was 20 km/h. Measurements 
were obtained at the lateral centre of the tyre and a slip angle correction was applied. 
The shape of the normal pressure distributions in Figure 3.12(a) are similar to those 
obtained on a horizontal surface (see Figures 3.8(a)). However, the maximum value is 
usually significantly higher and exceeds the inflation pressure of 200 kPa by a factor of 
between 1.75 (at 5 kN) and 2.25 (at I W). This indicates that on the drum the contact 
patch area must be smaller. As the normal load increases there is a reduction in pressure 
at the centre and an increase in contact patch length. These characteristics were also 
observed on the flat bed. However, on the drum surface the stress reduction at the 
centre is more significant. This is due to the tyre buckling phenomenon being magnified 
by the drum surface. As a tread element exits the contact patch the normal pressure is 
shown to slightly oscillate before returning to the zero state. It is believed that such 
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Figure 3.12 Measured contact stress distributions with normal load on a cylindrical 
(drum) surface: (a) normal pressure, (b) longitudinal shear stress; (c) lateral shear stress 
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secondary oscillation is a dynamic response of the stress transducer. This oscillation is 
not evident in the flat bed experiments as the surface was driven at too low a speed. 
In Figure 3.12(b), the longitudinal shear stress exerted on the drum surface is seen to 
follow the usual sinusoidal-style sweep. The plots are similar to those found on the 
horizontal surface (see Figure 3.8(b)). The maximum negative and positive stresses from 
the two testing machines are not significantly different. An increase in the magnitude of 
the stress at the rear compared to that at the front is again evident, as well as the 
secondary kink in the distribution as the tread element exits contact. This suggests the 
curvature of the drum does not significantly effect the longitudinal shear stress 
distribution. The change in the radius at the circumference of the tyre tread increases on 
the drum surface but this increase is small in comparison to the change already exhibited 
when the tyre is rolled on the horizontal surface. Since only a small additional change 
in the radius occurs, the change in the longitudinal shear stress distribution is small. 
Lateral shear stresses are shown in Figure 3.12(c) to be generally low compared to 
longitudinal shear stresses in Figure 3.12(b). This characteristic has been discussed in 
Section 3.6.1 with regards to the free-rolling behaviour observed during the flat bed 
experiments. The exception is the lateral shear stresses observed at I kN load. It is 
postulated here that the slip angle correction was not accurately applied in this instance. 
3.7.2 Free-Rolling Characteristics and Speed 
The normal pressure and shear stress distributions in the contact patch at speeds 
between 10 km/h and 50 km/h (in increments of 10 krn/h) are shown in Figure 3.13. The 
normal load was 3 kN and again a slip angle correction was applied. The measurements 
were obtained at the lateral centre of the experimental tyre. As the speed increases, the 
number of experimental data points obtained along the contact patch length reduces and 
this sampling effect makes the contact stress distributions appear more discontinuous. 
A significant change in the nomml pressures is observed in Figure 3.13 (a) at the different 
speeds. No logical trend is evident, with the ascending order for maximum stresses 
shown to be 20,50,30,10 and 40 km/h; at speeds of 10,30 and 50 km/h the stress 
peaks at about 500 kPa. A change in the longitudinal shear stresses is also evident in 
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Figure 3.13 Measured contact stress distributions with forward speed on a cylindrical 
(drum) surface: (a) normal pressure; (b) longitudinal shear stress; (c) lateral shear stress 
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Figure 3.13(b), but again there appears to be no discernible pattern to this change. A 
number of investigations by other researchers has examined the effects of speed [3 1] but 
these studies have mostly been carried out using bias-ply tyrcs. Generally, the results 
suggest an increase in speed causes an increase in the normal pressure at the front of the 
contact patch and a decrease at the rear. Since such a change in the pressure distribution 
is caused by an increase in the rolling resistance (as discussed in Section 3.6.1), there 
must be an increase in the longitudinal shear stress towards the rear of the contact patch. 
This type of change in the contact stress distributions is not confwmed by the 
measurements plotted in Figure 3.13 or in the work by Seitz and Hussmann [751 where 
the authors suggest that no effect wiU be evident for radial-ply tyres up to approximately 
130 km/h, an opinion given support by Figure 2.5. Further work is required to determine 
the true influence of speed on the contact patch behaviour of the experimental tyre. This 
could not be done due to the closure of the experimental facilities at Dunlop Tyres Ltd. 
Based on the available information, it is postulated in this thesis that no noticeable 
difference will occur in the free-rolling characteristics tested here (speeds to 50 km/h). 
In Figure 3.13(c), a small change in the lateral shear stresses is observed at the different 
speeds. The measurements obtained at 10 km/h are significantly higher than those 
obtained at speeds between 20 km/h and 50 knV1L Such a change cannot be related 
to the physical behaviour of the experimental tyre and, thus, it is again postulated 
that the slip angle correction was not accurately applied at the lowest speed of 10 km/h. 
3.7.3 Cornering Characteristics and Slip Angle 
The normal pressure and shear stress distributions in the contact patch under slip angle 
(a) variations to 4 degrees (in increments of I degree) are shown in Figure 3.14. 
The ASCII-format data files are unavailable at 2 degrees slip angle and therefore the 
results cannot be presented. The normal load was 3 kN and the tangential speed of the 
drum was 20 kni/h. The applied slip angle was additional to the slip angle correction. 
In Figure 3.14(a), the norrml pressure distribution is shown to differ considerably with 
slip angle from that obtained using the flat bed machine (see Figures 3.10(a)). The 
pressure is much higher with the maximum about 1.5 times that recorded on the 
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Figure 3.14 Measured contact stress distributions with slip angle on a cylindrical 
(drum) surflace: (a) normal pressure; (b) longitudinal shear stress; (c) lateral shear stress 
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horizontal surface. Another notable difference is the contact patch length. On the flat 
bed surface it is fairly constant at 0.11 rn (up to the maximum slip angle of 2 degrees). 
The length increases from about 0.1 to 0.13 rn on the drum surface as the slip angle 
increases from I to 3 degrees. To the author's knowledge this phenomenon has not 
previously been identified and a clear explanation for the behaviour is not at hand. Thus, 
further measurements obtained across the contact patch width (or simulation results 
from a validated FE model) are required to explain the phenomenon. Again the work 
could not be done due to the closure of the experimental facilities at Dunlop Tyres Ltd. 
The longitudinal shear stresses shown in Figure 3.14(b) again follow a sinusoidal-style 
sweep. A significant reduction in the stresses is shown to occur towards the rear as the 
slip angle increases from I to 3 degrees. This is related to the friction ellipse limiting the 
maximum shear stresses that can develop. As discussed in Section 3.6.1, the lateral shear 
stresses dominate the friction and a reduction in the longitudinal shear stresses occurs. 
The lateral shear stresses in Figure 3.14(c) increase with slip angle from approximately 
0 kPa at zero degrees slip angle to approximately 350 kPa at I degree slip angle. At 
4 degrees slip angle, this further increases to approximately 450 kPa. These values are 
much higher than those measured on the horizontal surface (see Figure 3.10(c)) at an 
equivalent slip angle. At a slip angle of I degree the difference is greater than three 
times. A smaller contact patch area on the cylindrical surface is one possible reason for 
the difference. On the drurn, the shear stress increases more rapidly as a tread element 
progresses through the contact patch. Growth continues until the shear stress overcomes 
the available friction (static coefficient of friction p, multiplied by the normal pressure) 
and sliding occurs. For slip angles 3 degrees and higher, the lower stress plateau towards 
the rear of the plots gives a measure of the dynamic friction. Interaction of the 
developing longitudinal and lateral shear stresses in this sliding region is governed by the 
dynamic (sliding) coefficient of friction a, and the normal pressure. The static and 
dynamic coefficients of friction are estimated from Figure 3.14 to be close to 1.2 and 
1.0, respectively. It is reasonably assumed that the friction coefficients are the same at all 
positions across the contact patch. This is the consistent with the approach adopted in 
semi-empirical tyre models [33,45,46]. It should be noted that these friction 
coefficients are significantly higher than those observed on typical road surfaces (see 
Table 2.1). The values are relevant to the development of the rolling FE tyre model 
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discussed in Chapter 4 and to the subsequent rolling tyrc simulations using this model. 
3.7.4 Cornering Characteristics and Camber Angle 
The normal pressure and shear stress distributions in the contact patch with camber 
angle (y ) variations to 4 degrees (in increments of I degree) are shown in Figures 3.15. 
The normal load exerted on the tyre was 3 kN and the tangential speed of the drum 
was 20 km/h. The measurements were obtained along the length of the contact patch at 
the lateral centre of the experimental tyre and a slip angle correction was again applied. 
The normal pressure and shear stress characteristics shown in Figure 3.15 are similar to 
those previously highlighted from the flat bed experiments in Figure 3.11. The exception 
to this is the distinct reduction in the normal pressures at non-zero camber angles. 
Figure 3.15(a) shows that the reduction is approximately constant with camber angles 
I degree and higher. The author cannot offer an explanation for this observation based 
on the physical behaviour of the experimental tyre. However, it is known that the 
measurements at camber angles between I and 4 degrees were not taken on the same 
day as the 0 degree results; they were taken much later. Thus, it is postulated here that 
the stress transducer was not in calibration when the normal pressure measurements at 
camber angles between I and 4 degrees were obtained. Calibration was the responsibility 
of Dunlop Tyres Ltd. and was beyond the control of the author. The author believes that 
the longitudinal and lateral shear stresses are accurate and representative of the 'actual' 
tyre behaviour. Only the normal pressure measurements appear to be effected. The shear 
stress distributions in Figures 3.15(b) and 3.15(c) correlate well with their corresponding 
distributions from the flat bed experiments in Figures 3.11 (b) and 3.11 (c), respectively. 
3.8 Summary 
A comprehensive experimental investigation into the contact patch behaviour of an 
automobile tyre has been completed. The stationary behaviour of the tyre under normal 
load, and the behaviour under free-rolling and cornering (slip and camber angle) 
conditions has been characterised. The load-deflection characteristics and contact patch 
dimensions of the stationary tyre have been presented, and a reasonably complete picture 
is given on how the normal and shear stress distributions might change under driving 
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Figure 3.15 Measured contact stress distributions with camber angle on a cYlindrical 
(drum) surface: (a) normal pressure-, (b) longitudinal shear stress-, (c) lateral shear stress 
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conditions. The results have been analysed to provide better understanding of the 
physical behaviour of tyres in the contact patch. A comparison between stress 
measurements obtained on a horizontal and a drum surface has also been presented and 
significant differences between the two surfaces arc reported. The measurements 
presented in this chapter provide a valuable source of physical test data that can be used 
to evaluate the performance of mathematical models such as those presented in 
Chapter 4. Simulation results obtained using these models are compared in Chapters 5 
and 6 to the stationary and free-rolling physical test data presented in this chapter. The 
contact patch behaviour during cornering conditions is not used in this thesis but may be 
used by other researchers to evaluate similar FE tyre models or semi-cmpirical models. 
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Chapter 4 Finite Element Models for Simulation of 
Macroscopic Tyre Behaviour 
4.1 Introduction 
Finite Element (FE) tyre models presented in the literature vary greatly (see 
Section 2.9). The mesh may consist of only a few axisymmetric elements [63] or many 
thousands of solid, membrane/shell and beam elements [57,64]. This is because the 
modelling approach depends not only on the requirements of the simulation but also on 
the available computational resource. To satisfy the aims of the research outlined in 
Section 1.3, it is necessary to establish a mesh refinement sufficiently adequate to 
simulate macroscopic tyre behaviour local to the contact patch, but which is not so 
refined that the computational cost becomes intolerable with currently available 
computational resources. The material constitutive equations are important since no 
numerical simulation can reliably predict the structural response when the material 
property descriptions are incorrect. An acceptable representation of contact and friction 
is also important to simulate the actual tyre/wheel contact, and the interaction between 
the tyre and the contacted 'ground' surface. This chapter addresses these important 
aspects of the FE modelling, and presents two models developed to simulate stationary 
and rolling tyre behaviour. The chapter also highlights the author's modelling 
experiences in relation to the explicit solver LS-DYNA [17] and identifies important 
areas which must be considered by analysts undertaking tyre simulations. It should be 
noted that, unless otherwise stated, version 950d of the code has been used in this thesis. 
4.2 Mesh Generation 
Two separate tyre models were developed for analysis using LS-DYNA [17]. 
, 141,01. !;, -jN, - HyperMesh [77] was used to generate the LS-DYNA model descriptions. One model 
was specifically developed to simulate the structural behaviour of the stationary 
experimental tyre (see Section 3.4.1), while the second model was developed to predict 
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the rolling tyre response (Sections 3.4.2 and 3.4.3). Fliese models are referred to here as 
the stationary and rolling models. respectively. The stationarv and (lie rolling ineshes are 
shown in Figures 4.1 and 4.2. The two meshes difler onlý N\ith respect to (lie element 
density in the circumferential direction, the niesh through (lie cross-scolon is Identical. 
Thc models represent the tyre as a complex arrangement of' rubber components and 
reinfiorced rubber composites. The wheel is considered as a separate entity. Many FF 
tyre models in the literature 178-801 simply represent the \%liccl using constraint 
equations but this approach is only acceptable il'the purpose ol'the model is to simulate 
behaviour under static or typical driving conditions. During atypical driving conditions, 
slippage or, in extreme cases, seperation can occur between the tyrc all(] \kllccl. To 
enable simulations to be acceptable under atypical loading SitUatiOnS. an independent 
wheel model is necessary. Thus, the tyre and wheel are modelled separately in this thesis 
and the tyre/wheel contact (wheel tit) is considered as in additional houndary condition. 
Tyre 
Wheel 
Contact Region 
Figure 4.1 Three-dimensional stationary (non-rolling) model 
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(a) 
Tyre 
VJheel 
Wheel 
(h) 
Tyre 
vi 
Figure 4.2 Rolling model: (a) three-dimensional model, (b) cross-section 
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/ 
The stationary model in Figure 4.1 is refmed local to the intended contact region and the 
elements extend every 3 degrees around the circumference. Further from the contact 
region, the mesh density is reduced and elements extend every 6, and then 12 degrees. 
Reducing the mesh density reduces the number of nodes and elements in the model and, 
hence, the computational time. A total of 56,400 solid and membrane elements are used 
to model the stationary (non-rolfing) tyre and 1,400 shell elements to model the wheel. 
In Figure 4.2, the rolling model is shown to have a uniform mesh density with elements 
extending every 3 degrees around the tyre circumference. This mesh specification is 
essential in a Lagrangian analysis because the region of contact between the 'tyre' and 
gground' continually changes during rolling. In an Eulerian analysis, the mesh 
specification in Figure 4.1 would be appropriate [69] but to the author's knowledge it is 
not possible to implement this approach in LS-DYNA [17] for solid mechanics 
problems, only those in fluid mechanics [81]. In the rolling model there are 135,360 
solid and membrane elements in the tyre and 3,360 shell elements in the wheel. As a 
result of the necessary circumferential mesh refinement there is therefore 2.4 times the 
number of nodal displacement unknowns (degrees of freedom) in the rolling model. 
The mesh specification used in the stationary and rolling models was considered to be 
the maximum acceptable in practice. A more refined mesh (greater than 3 degrees local 
to the contact region) was considered to be computationally too expensive. Details of 
the computational times in relation to stationary and rolling tyre simulations are 
provided in Chapters 5 and 6, respectively. In the stationary simulations, the 
computational times are in excess of 200 h (8 days) and a significant additional cost is 
evident in the rolling simulations. An increase in computational power and 
improvements in the code will reduce these computational times or alternatively allow 
greater mesh refinement in the future. It is noted that the mesh density can influence 
the simulation results and is therefore important when simulating local tyre behaviour. 
4.2.1 Tyre Components 
To allow separate stresses and strains to be determined in the tyre components, the 
- rubber components (tread, sidewalls, liner, apexes and clinches) and reinforced rubber 
composites (carcass plies, bandages and breakers) need to be individuaUy represented. 
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The rubber components are modelled here as deformable continua using linear (constant 
stress) solid elements [17]. Volume integration is carried out with one-point Gaussian 
quadrature. A significant cost saving is obtained by using the one-point integration 
(default) element instead of the fully integrated (8-point) solid clement. In simulations 
conducted with the stationary and rolling models, using the fully integrated elements was 
found to approximately treble computational time. It should also be noted that onc-point 
integration has another advantage in addition to cost. Fully integrated elements used in 
plasticity problems and other problems where a material's Poisson's ratio approaches 
0.5 (rubber typically has a Poisson's ratio >0.49) can lock-up in constant volume 
bending modes. This element locking is undesirable and can cause numerical instability. 
The biggest disadvantage to one-point integration is the need to control the zero energy 
modes which arise, known as hourglassing modes (see Figure 4.3). Hourglass modes 
typically give a zig-zag appearance to a mesh usually referred to as hourglass 
deformation. Such unwarranted deformation modes can swamp the actual deformation 
which is sought and, as a consequence, are commonly resisted by viscosity which is 
automatically calculated in the code. The viscous form of hourglass control is the default 
in LS-DYNA [17] and is acceptable in most situations. In some situations, however, 
numerical problems can occur and it is beneficial to select a stiffness method of 
hourglass control instead of a viscous one. A detailed description of the viscous and 
stiffness methods of hourglass control is given in the book by Jacob and Goulding [681. 
An investigation was conducted by the author to determine the most acceptable control 
method for the stationary and rolling models. It was found that the viscous methods 
available in the LS-DYNA code (types I to 3) did not adequately control hourglass 
deformation in the models. This is clearly shown in Figure 4.4 where the default viscous 
formulation (type 1) has been used with the stationary model. In the figure, the wheel fit 
and a inflation pressure of 200 kPa are represented. The standard Flanagan-Belytschko 
stiffness formulation (type 4) also did not perform well. Thus, the author prefers the 
Flanagan-Belytschko stiffness formulation with exact volume integration (type 5) to 
control hourglass modes. A stiffness formulation based on the Flanagan-Belytschko 
formulation is also used in a LS-DYNA tyre model developed by Kao and 
Muthukrishnan [57] but the type is not clearly specified. This leads the author to believe 
that for tyre simulations using explicit FE software, such as LS-DYNA [17], a stiffness 
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ith one integration point 1681 1, -igure 4.3 Hourglass modes of an eight node element %N, l II 
Figure 4.4 Deformation of the 'tyre' cross-section when the detýult (type 1) viscous 
hourglass control formulation in I, S-DYNA is employed with the stationarý, model 
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formulation to the hourglass control should be the principal method for consideration. 
It should be noted that, when using the stiffness approach, care is needed to ensure the 
hourglass control does not cause artificial stiffening of the model [57]. To check for 
artificial stiffening, the one-point integration solid elements were replaced with fully 
integrated elements and the predicted load-deflection characteristics of the tyre under 
normal load were determined. The approach adopted to determine the load-dcflection 
characteristics is discussed in Chapter 5. The results obtained using the one-point and 
the fully integrated elements were compared, and the difference was found to not be 
significant. Based on these results it was assumed that artificial stiffening did not occur. 
The carcass plies and belt are modelled using 'discrete reinforcement' techniques. The 
rubber matrix is modelled as a deformable continuum using linear solid elements and the 
reinforcement (cords in a layer of rubber matrix, the thickness of reinforcement being 
determined by the nominal diameter of the cords) is discretely modelled using 
quadrilateral membrane elements based on the Belytschko-Lin-Tsay shell element [82, 
83]. The approach allows separate stresses and strains to be obtained in the matrix and 
reinforcement, but not in individual cords. To predict stresses and strains in individual 
cords would require each of the cords to be individually represented and would 
significantly increase the number of elements in the model, and hence computational 
time. The interfaces between adjacent components and between the matrix and 
reinforcement of the carcass plies, bandages and breakers are modefled using shared 
nodes. In doing this, it has been assumed that the interfaces between the various 
materials are fully bonded. Although delarnination has had a substantial amount of 
attention recently [84] it rarely occurs in the field. Thus, the assumption that the 
interfaces are fully bonded is considered acceptable here. An alternative approach would 
be to model these interfaces as separate contacts, with the nodes tied to the adjacent 
surface until a failure criterion is reached. This would require a considerable amount of 
additional computational cost and was therefore discounted as an option in this thesis. 
The beads are modelled using linear solid elements. A detailed representation of the 
beads was not considered to be important because they are a significant distance from 
the area of particular interest, i. e. the contact patch. Only the overall behaviour (usually 
referred to as the global material behaviour) of the beads is modelled and, as a 
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consequence, separate stresses and strains may not be obtained in the cords and rnatrix. 
4.2.2 Steel Wheel 
The steel wheel is coarsely modelled in two halves using Belytschko-Lin-Tsay shell 
elements [82,83]. To allow simulation of the interaction between the tyre and the wheel, 
these two halves are initially positioned either side of the tyrc (see Figure 4.2). Since the 
steel wheel is much stiffer than the contacting tyre clinch (>100 times) and no stress 
output is required, it was assumed to be rigid. The rigid material model (model 20) in 
LS-DYNA [17] is used. This model requires the user to define a modulus of elasticity, 
which is used in any contact model (see Section 4.7), and also the density which is used 
to determine the mass of the wheel. A Young's modulus of 200 GPa and a density of 
7860 kghiý are assumed in this thesis. These values are representative of bulk steel. 
4.3 Material Properties 
The tyre consists of a number of material components. Their mechanical properties 
required as input data to LS-DYNA [17] are given in Tables 4.1 and 4.2. Densities are 
essential since a dynamic (rolling) analysis requires knowledge of the mass associated 
with each degree of freedom (see Section 2.9). The density for all rubber compounds are 
shown in Tables 4.1 and 4.2. To determine densities for the reinforcements, the wen 
known Rule of Mixtures was used with the constituent densities given in Table 4.2 
and their calculated volume fractions. The volume fraction of the cords V, is given by 
V. =Nx 
(; r 0.2 /4) 
0. 
where N is the number of cords per unit length, 0. is the nominal diameter of the 
cords and 0. is the effective diameter. The volume fraction of rubber matrix is I-V,. 
4.4 Rubber Compounds 
A material's elastic behaviour is described in terms of its stress/strain relationships. For 
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RubberComponent Secant Modulus (100 %) 
[MPa] 
Density 
[kg/ný] 
Poisson's Ratio 
[no units] 
Tread 1.25 1150 >0.49 
Sidewalls 1.07 1120 >0.49 
Liner 1.79 1140 >0.49 
Apexes 7.13 1180 >0.49 
Clinches 3.30 1160 >0.49 
Table 4.1 Mechanical property data for rubber components (Dunlop Tyrcs Limited) 
many materials, such as mfld steel, these constitutive relationships are assumed to be 
linear to the elastic limit and a corresponding modulus of elasticity is defined [62]. The 
tensile stress/strain relationship is non-linear for rubber compounds and therefore a 
single modulus of elasticity can only refer to a very small portion of the elastic 
behaviour. The secant modulus is usually quoted (it is the instantaneous modulus at a 
specific strain value). For rubbers, it is sometimes quoted at strains of 50,100 and 
3 00 percent [85] but is often given only at the 100 percent strain value. In FE modelling, 
this is useful only when rubber is highly strained and the results can be approximated in 
those regions where the strains are much lower. Secant moduli data is therefore not 
useful to the tyre FE analyst, as internal rubber compound strains are typically less than 
10 percent (this value was obtained from FE analyses using the models described here). 
As a consequence of this, and the reluctance of tyre manufacturers to release property 
data for their preferred rubber compounds, relevant stress/strain data for FE modelling is 
not easy to obtain. Thus, methods- to approximate the elastic behaviour are needed. 
A simple method to characterise the fundamental stress/strain relationships for the 
rubber compounds in the experimental tyre (see Section 3.2) is used in this thesis. 
Consideration is given to the five rubber components, and the three rubber matrices 
associated with the carcass plies, bandages and breakers. The relationships are estimated 
using experimental data provided by Dunlop Tyres Limited for a typical 'unknown' 
rubber compound subjected to simple extension. The stress/strain data was obtained in 
accordance with BS 903: Part A2: 1995 (ISO 37: 1994). The engineering stress against 
engineering strain data is provided in Appendix B. Consideration is given to strains up to 
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50 percent. The secant modulus at 100 percent strain was also provided and was 
3.19 MPa. To estimate the stress/strain relationship for the rubber compounds in the 
experimental tyre, the engineering stresses in Appendix B were scaled based on the 
specific 100 percent secant modulus listed in Tables 4.1 and 4.2, and that of the 
unknown tyre compound. This approximation assumes the stress/strain relationships 
for each of the rubber tyre compounds is similar to that of the unknown compound. 
4.5 Mooney-Rivlin Equation 
Numerous constitutive models exist in the literature to simulate the elastic behaviour of 
rubber compounds [86,87]. Seven different rubber models are available in 
LS-DYNA [17]. The Mooney-Rivlin equation is commonly used in FE tyre models [57, 
88] and it is seen as the industry standard. The model mathematically represents the 
elastic behaviour in terms of a strain energy function. This strain energy function is 
based on the acceptable assumption that rubber is incompressible (i. e. A, 'ý A3 = I), 
since the bulk modulus is several orders of magnitude greater than the shear modulus, 
and isotropic in the unstrained state. The Mooney-Rivlin strain energy function W is 
W= CI(Ij - 3) + 
C2(I2 
-3) (4.2) 
where C, and C2 are elastic constants related to the material's shear modulus, and the 
independent variables I, and 12 are related to the principal extension ratios and 
A, b II =A +'ý +A dI= 
I/A2 + IIA22 + IIA 2 
3yI, an 213. These extension ratios are 
related to the engineering strain c by A=I+e, and the relationships between the 
principal true stresses q,, a,, ' and q2', and the corresponding strains (Figure 4.5) are 
222 
uj - ci =2 (A, -, ý ) (CI +A3 
C2) (4.3(a» 
tt 
qý -aj =2(A2'-A3')(Cl +A, 'C2) (4.3(b)) 
and 
tt222 
aj - ai = 2(. ý -A, )(Cl +, ý C2) (4.3(c)) 
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Thus, if a rubber compound is subjected to simple extension or uniaxial compression in 
the A, -direction then: A, = A, X"; the principal true stressesal = a, = 0; 23 
and the principal stress a, ' can be obtained from Equ. 4.3(a). Equs. 4.3(b) and 4.3(c) 
are used when extension is in the A2 - and A. -directions, respectively. The true stress is 
all =2 (A 
2 
-11 A)(Cl +C2 1 A) (4.4) 
and the engineering stress a, (force per unstrained cross-sectional area) is given by 
a, = 2(A -I/ A2 
)(Cl + C2 / A) (4.5) 
It should be noted that for the case of simple extension A>I (see Figure 4.6(a)), while 
for uniaxial compression A< 1. Thus, a positive stress is obtained in tension and a 
negative stress in compression. This is consistent with standard sign convention [731. 
If the same compound is subjected to simple shear as shown in Figure 4.6(b): A, = A; 
A2 = I; and A, =I/A. The shear strain y=A-I/A= tan 0 and the shear stress r,, y 
is 
r= 2(Cl + C2)y XY 
a3l 
-t 
(4.6) 
x3 
U 
. 73, 
(a) (b) 
Figure 4.5 Pure homogeneous strain: (a) unstrained state; (b) strained state 
all 
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Figure 4.6 Particular types of strain: (a) simple extension; (b) simple shear 
Herein, the Mooney-Rivlin model is used to simulate the elastic behaviour of the eight 
rubber compounds in the experimental tyre (i. e. the five rubber components and the 
rubber matrices of the carcass plies, bandages and breakers). The Mooney-Rivlin elastic 
constants C, and C2 were calculated from the estimated tensile stress/strain 
relationships using a curve-fitting program based on the least squares method [891. 
These elastic constants are shown in Table 4.3 where the rubber matrices of the carcass 
plies, and belt (bandages and breakers) are grouped as one compound referred to as the 
topping. This is acceptable since their mechanical properties are similar (see Table 4.2). 
Rubber Components Mooney-Rivlin Constants 
C, C2 
[MPa] [MPa] 
Tread 0.07 0.32 
SidewaHs 0.06 0.27 
Liner 0.10 0.45 
Apexes 0.38 1.80 
Clinches 0.18 0.84 
Topping 0.17 0.80 
Table 4.3 Calculated Mooney-Rivlin elastic constants 
The estimated stress/strain curve for the rubber tread compound subjected to simple 
extension and the corresponding Mooney-Rivhn curve derived from Equ. (4.5) are 
shown in Figure 4.7. Similar stress/strain curves can also be produced for the other 
rubber compounds. A favourable comparison is observed up to an engineering strain of 
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45 percent and in the most important region up to 10 percent strain, the correlation is 
excellent. The gradient of the Mooncy-Rivfin curve at zero strain is similar to (lie 
estimated curve and, thus. the stress/strain relationship in compression is also likely to be 
accurately represented. The shear modulus In Equ. (4.6) was Ibund to be 0.77 MPa. Tlic 
elastic behaviour in simple shear has been shown in Chapter 3 (see Figures 3.8 and 
3.10 to 3.15) to be particularly relevant to modelling tyre behaviour in the contact patch. 
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Figure 4.7 Comparison between the estimated stress/strain Curve lbr the rubber tread 
compound in tension and that derived from the Mooney-Rivlin strain energy function 
The Mooney-Rivlin expression in Equ. (4.2) can be represented in LS-DYN A[ 171 using 
either the incompressible Mooney-Rivlin rubber material model (model 27) or the 
I lyperviscoe last ic rubber material model (model 77). The tyre FE analysts Kao and 
Muthukrishnan [57] have simulated the Mooney-Riviin expression but do not specify the 
LS-DYNA material model used in their work. It is also not clear whether the Mooney- 
Rivlin or Hyperviscoelastic models are employed by C. Lee el al. [88]. 1 lerein. to 
simulate a rolling tyre, the author prefers the Hypervisoelastic model and believes that. 
to control numerical instability, the actual model selection is important. This observation 
has been given support in private correspondence with Dunlop Tyres Ltd. FE analysts at 
Dunlop Tyres have used the Mooney-Rivlin model in tyre analyses and have found it to 
exhibit "some odd behaviour [90]". The material constitutive model appears not to 
accurately simulate the deformation of linear solid elements under shear deformation. 
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To verify the poor performance, an investigation was conducted and the main result is 
shown in Figure 4.8. In the figure, the 'tyre' is subjected to a3 kN normal load followed 
by the imposition of a longitudinal load (acting in the negative x-direction). An 
unrealistic shear distortion is observed in the tread with the Mooney-Rivlin rubber 
model. This is shown in Figure 4.8(a) when the longitudinal load is I kN. As 
Figure 4.8(b) shows, the excessive localized tread distortion disappears when the 
Hypervisoelastic model is employed. A shear distortion of approximately 2.3 mm is 
shown to occur at a2 kN longitudinal load. This value corresponds to the 1.8 mm 
distortion calculated in Appendix C using classical elasticity theory. A constant shear 
modulus of 0.77 MPa (see above) was used in the calculation. Based on this 
information, the author suggests that care should be taken in any analysis with the 
Mooney-Rivlin rubber model and advises against using the model for simulation of 
rubber deformation in a transversely (longitudinally and/or laterally) loaded or rolling 
tyre where shear stresses are known to arise in the contact patch (see Section 3.6). 
However, the author believes that the model can be used to realistically simulate tyre 
behaviour under normal loading and, thus, it is used in the normal loading simulations 
described in Section 5.3. Only a3 percent Merence (Section 5.4) is observed in the 
load-deflection behaviour using these two material models to simulate a load of 3M 
4.6 Reinforcements 
The reinforcements of the carcass plies, bandages and breakers are represented in the 
stationary and rolling models using an orthotropic elastic material model. Single value 
elastic constants were calculated using volume fractions (see Equ. (4.1)) and the elastic 
constant data for the constituents shown in Table 4.2 by employing the Halpin-Tsai 
micromechanical equation [91]. This semi-empirical equation was originally derived for 
continuous fibre reinforced plastic composites. An alternative approach might be to use 
the Rule of Mixture equations which has been employed by FE analysts at Dunlop Tyres 
Ltd. but the Halpin-Tsai approach is preferred in this thesis because it is known to 
give more accuracy when determining the transverse moduli of a unidirectional lamina. 
The Orthotropic Elastic material model (model 3) in LS-DYNA [ 17] requires the analyst 
to define the elastic constants in the element axes (x-, y-, z-), while the Halpin-Tsai 
equation calculates them in the cord axes (1-, 2-, 3-). The orientation of the cord axes 
74 
fl 
(a) 
(h) 
Figure 4.8 Shear distortion of linear solid elements in the contact region: (a) Mooney- 
Riviin rubber model (LS-DYNA model 27), (b) llyperviscoelastic model (model 77) 
for the carcass plies and breakers differs from the element axes (see Figure 4.9) and, as a 
consequence, the elastic constants used as inputs need to be resolved. This complication 
can be avoided by using the Composite Failure material model (model 22) available 
in the code. This Composite Failure model simulates an orthotropic material with 
optional brittle failure. If the failure option is not used, orthotropic elastic behaviour is 
represented. The model allows the elastic constants to be defined in the cord axes 
instead of the element axes but the orientation of the cords also need to be defined (see 
Table 4.2). No noticeable difference was found when analyses were carried out using the 
Orthotropic Elastic and the Composite Failure material models and therefore the 
simpler approach using the Composite Failure model is preferred and used in this thesis. 
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Cord 
Element 
Figure 4.9 Element and cord axes in the reinforcements of the rubber composites 
To determine the Halpin-Tsai constants, a single value elastic modulus of 3.16 MPa 
(corresponding to the 100 percent secant modulus) was assumed for the rubber matrix 
of the carcass plies, bandages and breakers (topping compound). Elastic moduli of 3.36 
and 2.96 GPa (see Table 4.2) were assumed for the nylon cords in the carcass plies and 
bandages, respectively. A Poisson's ratio of 0.4 was used for the cords in both these 
components. For the steel cords in the breakers, the Young's modulus and Poisson's 
ratio were simply assumed to correspond to those of bulk steel (i. e. 200 GPa and 0.3). 
The beads were simply represented using an isotropic elastic material model (model I in 
LS-DYNA [17]) with the elastic constants assumed to correspond to those of bulk 
steel. This simplification was again considered to be acceptable because the beads 
are a significant distance from the area of particular interest (as mentioned earlier). 
4.7 Contact and Friction 
There are two contact regions that need to be modelled: contact between the tyre and 
wheel; and contact between the tyre and 'ground' surface (i. e. the contact patch). The 
ground surface may be the glass plate used in the stationary experiments, or the flat bed 
and drum surfaces used in the rolling experiments (see Sections 3.3). Thus, the ground 
surface model is simulation dependent and is therefore not discussed in detail here, only 
salient features of the contact algorithms are considered relevant. The ground surface 
models are described in detail in relation to specific simulations in Chapters 5 and 6. It 
should be noted, however, that in each of the ground surface models, the contacting 
surface is assumed to be rigid (material model 20 in LS-DYNA [17]) and is modelled 
76 
using Belytschko-Lin-Tsay shell elements [82,83]. This acceptable approximation 
simplifies the complex contact problem and hence reduces the computational time. 
LS-DYNA [17] has numerous (>30) contact models incorporated in its code. These 
contact options are used, for example, to model contact of deformable bodies, single 
surface contact in deformable bodies, ajqd deformable to rigid body contacts. They 
require the analyst to input numerous parameters (16 mandatory inputs are typically 
needed and further optional inputs can also be used) which influence the operation of the 
contact algorithms. The influence of many of these parameters has not been 
characterised and there is a lack of benchmark problems [17] to provide standardisation. 
Thus, contact modelling often relies on the experience and expertise of the FE analyst. 
To simulate the tyre/wheel contact and the contact patch behaviour, versatile surface-to- 
surface contact models are used here. A surface-to-surface contact model allows 
compression to be carried but not tension, thereby allowing two bodies to be separate or 
in contact. Master nodes corresponding to the tyre/wheel contact are defined on the 
wheel and the contacting slave nodes on the tyre clinch (see Figures 3.1). The master 
nodes at the contact patch are defined on the 'ground' surface and the slave nodes on 
the 'tyre' tread. The master node nearest to each slave node is determined automatically 
by the code and the master segment (a 'segment' is defined to be a four-node element of 
the surface) attached to the master node is the first to be checked for contact. The 
process is repeated for all the relevant master nodes and slave segments. Thereafter, 
movement in the contact region may cause nodes to move from one segment to another. 
The standard surface-to-surface option available in LS-DYNA [17] (contact type 3) 
tracks contact between two surfaces using 'mesh connectivity'. Instead of checking all 
segments for contact, only those segments attached to nodes of a previously contacted 
segment are checked. As a consequence, contact cannot be tracked across free edges. 
This standard option is suitable to model the contact between the tyre and the ground 
surface. It is, however, not suitable for modelling the tyre/wheel interaction because in 
this instance contact occurs across a free edge of the tyre. Thus, the automatic option 
(contact type a3) is required. This option checks for contact using a search method 
known as a 'bucket sort' which divides the three-dimensional space occupied by the 
contact surface into cubes (these cubes are referred to as buckets). The idea behind the 
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bucket sort is to perform some grouping of the nodes so that the sort operations need 
only calculate the distance of the nodes in the nearest groups. Nodes can contact any 
segment in the same bucket or an adjacent bucket. The bucket sort method is robust and 
between 100 to 1000 times faster than the old direct sort method employed in the 
code [17]. This sort method, however, is still an expensive part of the contact algorithm. 
Sliding with closure and separation is analysed in LS-DYNA [17] by the Penalty 
stifffiess method [92]. Once the contacting segments have been determine for each node, 
the amount of penetration of the slave node into the master segment is calculated and 
resisted by a penalty stiffness. For shell elements, the penalty stiffness (k) is given by 
AK (4.7) 
d 
where f, is the penalty factor (default 0.1), A is the area of the contacted segment, 
K is the bulk modulus of the contacted element and d is the maximum diagonal of 
the shell. The maximum shell diagonal is shown in Figure 4.10. Equ. (4.7) is modified 
for a solid element by replacing (I / d) with AV, where W is the element's volume. 
Figure 4.10 Maximum diagonal of a shell element 
LS-DYNA [17] must calculate both the solid element penalty stifffiess corresponding to 
the 'tyre' tread and clinches, and also the shell element penalty stifffiess analogous with 
the steel wheel and ground surface models. These calculations are necessary because 
the code must factor both the master and slave stiffnesses for the contact algorithm. 
It should be noted that a significant aniount of unwarranted penetration can occur using 
the Penalty stiffness method. To avoid this, an optional SOFT flag is available in the 
surface-to-surface contact models. By setting the flag to I (i. e. on), the 'soft constraint' 
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contact formulation is used instead of the basic Penalty stiffness method. The soft 
constraint formulation is an advanced Penalty method where the maximum stable 
contact stiffiess is chosen for each penetrating node. Thus, unwanted penetration is 
minimised. The approach is preferred by the author because in less complex rolling 
simulations (carried by FE analysts at Dunlop Tyres Ltd. ), the basic Penalty stifffiess 
method was found to cause contact problems. In these simulations, nodes on the 
perimeter of the 'tyre' tread were observed to penetrate the elements used to represent 
the 'ground' surface. The penetrating nodes became constrained on the opposite side of 
the defined tyre/ground contact and, as a consequence, the simulation became unstable. 
Friction modelling in LS-DYNA [17] is based on the Coulomb formulation where it is 
assumed that no sliding occurs below a specific load level. The maximum friction 
force Ff that can be developed is aF. (see Section 1.1), where F,, represents the force 
in the normal direction. A transverse force exceeding this maximum friction level causes 
sliding to occur. It should be noted, however, that the force necessary to cause sliding 
differs from that to maintain it and, as a consequence, a distinction is made between the 
static (peak) pp and the dynamic (sliding) p, coefficients of friction (Section 2.6). This 
transition is smoothed in the LS-DYNA code by an interpolation. This interpolation is 
p =, u., + (pp - g) e-d, 
l'-Il (4.8) 
where d, is a decay coefficient and v,,,, is the relative velocity between the slave node 
and the master segment. A higher decay coefficient increases the decay rate of the 
coefficient of friction and a lower value reduces it. Since the frictional force is related to 
the coefficient of friction, the force necessary to maintain sliding is influenced by d, 
The peak and sliding friction coefficients for a number of typical ground surfaces are 
presented in the literature (see Table 2.1), but to the author's knowledge no tyre/ground 
data is available in relation to the decay coefficient in Equ. (4.8). There is also very little 
information in relation to tyre/wheel interaction and its corresponding decay rate. It is 
known that FE analysts at Dunlop Tyres Ltd. typically use a decay coefficient of 0.5 and 
therefore this value is assumed by the author in this thesis. It has been used for all 
tyre/ground and tyre/wheel contacts herein. The peak and sliding friction coefficients 
79 
between the tyre and wheel have been estimated to be 0.3 and 0.1, respectively. Those 
at the contact patch are simulation dependent but, on the 'Safety Walk' surface used in 
the rolling experiments, are 1.2 and 1.0 (Section 3.7.3). The change in the tyre/ground 
friction coefficient on the this surface with relative velocity is shown in Figure 4.11. 
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Figure 4.11 Simulated friction coefficient with relative velocity on a 'Safety Walk' 
surface 
4.8 Summary 
Two FE tyre models, developed to simulate the stationary and rolling behaviour of an 
automobile tyre have been described in detail. These models have been developed for 
simulations using the explicit FE software package LS-DYNA. The results from these 
analyses are shown in Chapters 5 and 6. The modelling methodology has been discussed 
and related to the author's experiences using the code. The 'tyre' has been represented 
as a composite material and the 'wheel' has been separately modelled. The interaction 
between the tyre and the wheel has been considered as an additional boundary condition. 
The chapter has addressed important aspects of the FE modeffing, such as the mesh 
specification and the material descriptions, and the lack of experimental data needed to 
characterise the material properties of tyre rubber compounds has been highlighted. A 
simple method to estimate the elastic behaviour has then been presented. The method 
used to model the wheel fit and tyre/ground interaction has also been described. 
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Chapter 5 Simulation of Stationary (Non-Rolling) 
Tyre Behaviour 
5.1 Introduction 
The purpose of the Finite Element (FE) modelling work is to simulate rolling (dynamic) 
tyre behaviour at the microscoPic level. However, to accurately predict dynamic tyre 
characteristics, it is clearly necessary to be able to simulate the less complex problem of 
stationary (non-rolling) tyre behaviour. Thus, this chapter addresses this important issue. 
Numerical results are presented that can be compared to those obtained in the stationary 
experiments (see Section 3.5) and to information available in the literature. These results 
are used to validate the stationary modelling methodology described in Chapter 4. A 
parametric study is then used to characterise the sensitivity of the numerical results to 
changes in the mesh density of the 'tyre' and contacting 'ground' surface, and to 
changes in the elastic properties of the tyre components. The development of a relevant 
and reliable modelling methodology is a major aspect of the work reported in this thesis. 
5.2 Stationary Simulations 
As discussed in Section 3.4.1, stationary experiments were conducted to determine the 
vertical tyre stiffness and the growth of the contact patch under normal load. In the 
present chapter, these experiments are simulated in a single LS-DYNA [17] analysis 
using the stationary model. This analysis is referred to here as the normal loading 
simulation. The inflation of the tyre, the wheel fit (interaction between the tyre and the 
wheel) and the normal loading of the tyre against the glass plate are considered. The 
'tyre' deformation during the simulation is shown in Figure 5.1. Figure 5.1 (a) shows the 
tyre cross-section at the start of the simulation and Figures 5.1(b) to 5.1(d) show the 
cross-section as the simulation evolves with time. In other stationary (non-rolling) 
simulations referred to as the longitudinal and lateral loading simulations, a3 kN normal 
load was followed by the imposition of a longitudinal or lateral load. These simulations 
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were carried out to determine the longitudinal and lateral tyre stillnesses. respectively. 
Fhe stiffinesses are important to a tyrc's tractive propcrtic,, and conicring characteristics. 
I 
(a) (b) 
(c) (d) 
Figure 5.1 Deformation of the *tyre' cross-section: (a) undeformed, (b) due to inflation 
pressure and wheel fit; (c) at a normal load of' I kN, (d) at a normal load of 5 kN 
5.3 Normal Loading Simulation 
An initial test simulation was carried out over a 'real time' of'O. 8 s with tile time stcp 
size controlled by LS-DYNA [ 17]. This mesh dependent time step was 1.86 x1 0-7 s and 
was governed by the solid elements in the beads local to the contact region (see 
Figure 4.1 ). The simulation time was found to be nearly 1200 h (50 days) based on the 
available computational resource, a Sun Ultra 60,360 MHz workstation. This 
computational cost was considered intolerable for a quasi-static analysis and therefore 
modelling optimisation techniques [68] were employed to refine the analysis such that 
the most efficient use was made of the resource. As a consequence, the analysis time 
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was reduced to about 200 h, approximately one sixth of the initial simulation time. 
The real time was halved by optimisation of the wheel fit and inflation, and normal 
loading phases, and the time step size was also 'forced' to minimise the number of 
calculations. The optimisation of the wheel fit and inflation, and normal loading phases is 
discussed in Sections 5.3.1 and 5.3.2, respectively. A forced 'mass scaled' minimum 
time step of 5x 10-7 s was selected (see Section 2.9) and resulted in an increase in 
model mass of approximately 13 percent. It should be noted that the controlling 
elements of the mesh were located in the beads and, as a consequence, the bead mass 
was increased. No change in the mass of the other parts, i. e. the tyre components 
(rubber compounds and reinforcements), the two halves of the wheel and the glass plate, 
was observed. This was because mass is only added to elements whose time step size 
would otherwise be less than the forced value. The calculated and scaled part masses are 
shown in Table 5. L In the table, the matrices of the carcass plies, bandages and breakers 
are again grouped as a single rubber compound which is referred to as the 'topping'. 
Part Calculated Mass [kg] Scaled Mass [kg] 
T, ge 12.87 14.99 
Tread 3.46 3.46 
Sidewalls 0.74 0.74 
Liner 0.82 0.82 
Apexes 0.36 0.36 
Clinches 0.52 0.52 
Beads 0.85 2.97 
Topping 3.35 3.35 
Reinforcements of carcass plies 1.17 1.17 
Reinforcements of bandages 0.45 0.45 
Reinforcements of breakers 1.15 1.15 
Wheel 1.84 1.84 
Glass Plate 1.18 1.18 
15.89 18.01 
Table S. I Calculated and scaled part masses 
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Mass scaling (via modification to a material's density) is a very useful and simple 
method to increase the minimum time step of an analysis. However, it should be noted 
that a significant change in material density can influence the dynamic response of the 
model by increasing inertia forces through added mass and modifications to inertial 
properties, and the overall energy balance via changes in kinetic energy levels [681. The 
analysis carried out here simulates the stationary experiments and, thus, a dynamic 
response does not exist. Similarly, a dynamic response is also not present in the 
longitudinal and lateral loading simulations (see Section 5.4) because the loading is 
quasi-static. The increase in the bead mass is therefore not important. It is postulated by 
the author that this increase in bead mass is also insignificant in the rolling tyre 
simulations presented in Chapter 6. This is because the beads are in contact with the 
wheel, at a significant distance from the area of particular interest, i. e. the contact patch. 
To improve the model response, the tyre components were critically damped. The 
fundamental frequency of a typical passenger car tyre in isolation (and therefore of the 
tyre components) is approximately 40 Hz [35]. In LS-DYNA [17], damping can be 
applied at both the material and system levels. At a material level, damping is usually 
controlled by applying a factor proportional to the mass and/or stiffness term This is 
corrunonly referred to as Rayleigh damping [68] and a different factor can be applied to 
each material. In the mass-proportional method, a retarding force is applied to each node 
proportional to its velocity, while in the stiffness method a restoring stress is applied at 
an elemental level based on the element strain and its constitutive properties. System 
damping is similar to material damping but on a global scale, i. e. the same damping 
factor must be applied to all materials. To the author's knowledge, no notable advantage 
is obtained by using one method over the other methods. Mass-proportional damping at 
a material level is employed herein because it is easily applied in the LS-DYNA code. 
5.3.1 Wheel Fit and Inflation Phase 
The wheel fit and tyre inflation (see Figure 5.1) were carried out simultaneously, initially 
over a period of 0.05 s. This real time is not representative of an actual situation but 
does not invalidate the analysis, since the transient results during the wheel fit and 
inflation phase are not relevant to the stationary experiments. Only the steady-state tyre 
deformation is important. Minimising the real time reduces the computational cost but, 
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at the extreme. may cause numerical instability, such as contact problems which are 
known to occur at high impact velocities. Thus. the initial real time was chosen 
conservatively to mininlise simulation time while ensuring a stable solution. It was 
reduced to 0.03 s and the simulation was repeated without a disccrnibic change in the 
steady-state deformation. A flurther reduction was fiound to cause numerical instability in 
the analysis. This is shown in Figure 5.2 with a real time ol'O. 01 s. In (he figure, a high 
velocity impact occurs between the tyre and wheel, and a shock wave develops. This 
shock wave is transmitted through the structure and causes an unplanned termination of' 
the simulation. This type of' termination is usually referred to as in analysis 'crash'. 
(a) 
High Velocity Impact 
(b) 
I 
(c) (d) 
Figure 5.2 Deformation of 'tyre' cross-section at a high tyre/wheel impact velocity: (a) 
undeformed tyre (I=0.00 s); (b) tyre/wheel impact (I=6x 10- s); (c) shock wave 
development (f =8x 10-' s); (d) shock wave transmission through structure (i = 0.01 s) 
A constant pressure of 200 kPa (see Section 3.4) was applied normal to the inner-face of 
the *tyre' liner and the two halves of the 'wheel' were displaced laterally (in the 
y-direction) until the actual fit between the tyre and wheel was represented. One half of 
the wheel was displaced in the positive y-direction while the other was displaced in the 
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negative direction. The two halves were constrained in the longitudinal (x-) and vertical 
(z-) translations and in rotations about the x-, y- and z-axes via body constraints. They 
were merged to create a single part (referred to as the wheel) once the fit was achieved. 
It should be noted that a constant inflation pressure is often assumed in tyrc analysis [57, 
61,931 even though a slight change in the pressure is known to occur when a vehicle is 
running on the road [88]. This change is mainly due to tyre operating temperature 
variations and also deformation (air volume change), and for an ideal gas like air [94] is 
PV 
T 
where p is the pressure, V is the volume, T is the temperature, and R is a constant. 
It is postulated here that the temperature change will not be significant in the stationary 
experiments since they were carried out for only a short time period. Similarly, the 
change is also not considered significant in the rolling experiments. Thus, Equ. (5.1) can 
be used with constant temperature and only the volume change needs to be considered. 
Gough [72] states that "pressure changes during tyre deflection are small" and quotes a 
2 percent pressure rise from the undeflected state to normal operating deflection, under 
isothermal conditions. Errors associated with FE simulations are commonly found to be 
10 percent or more and, thus, a constant pressure is considered acceptable in this thesis. 
An alternative approach is to simulate tyre inflation using an 'airbag' [59]. Airbags are 
represented in LS-DYNA [171 as an enclosed mesh of membrane elements. These 
elements define a 'control volume'. A mass flow rate for the inflation gas and a 
parameter to control the venting also need to be defined. In tyre analysis, the inflation 
gas is air and venting is usually set to zero. This assumes that there is no loss of inflation 
gas. Thermodynamic relationships (see Equ. (5.1)) are then used to determine the 
internal pressure in the control volume based on the mass and temperature of the 
inflation gas present and the volume enclosed. This internal pressure is then applied to 
the membrane elements causing the airbag to inflate. Thus, airbags can be used to 
simulate tyre inflation and the subsequent changes in the air volume, and the 
corresponding pressure change as the tyre deforms. Since the volume change is small (as 
86 
mentioned earlier), it is the author's opinion that this approach only adds an unnecessary 
complication to tyre analysis and therefore it is not used in the work reported herein. 
5.3.2 Normal Loading Phase 
After the 'tyre' was allowed to achieve a state of equilibrium, it was normally loaded. 
The glass plate model was displaced vertically until a normal load greater than 5 kN was 
applied to the tyre. The displacement was initially carried out at a rate of 0.05 mls (over 
a real time of 0.6 s). This rate is significantly lower than that selected by others [88] in 
sirailar analyses but was conservatively chosen to ensure quasi-static loading, 
representative of the stationary experiments. The rate was increased and the simulation 
was repeated. The normal load exerted on the tyre was compared to the reaction at the 
wheel and at rates less than, or equal to, 0.125 m/s the load and reaction did not 
significantly deviate. At the maximum rate the reaction was 4.95 kN, being I percent 
lower than that applied. The kinetic energy was also checked at this rate and found to be 
negligible in the normal loading phase when compared to the total energy. Thus, at a 
displacement rate of 0.125 m/s, the loading could still be considered to be quasi-static. 
It should be noted that the glass plate is represented by a 0.34.5 ni horizontal surface 
coarsely modelled using 15 quadrilateral shell elements based on the Belytschko-Lin- 
Tsay shell elements [82,83]. As mentioned in Section 4.7, the surface was taken to be 
rigid. The glass plate model is shown in Figure 5.3. Significant changes in the mesh 
density of the surface (up to 1500 elements have been used) were found not to 
noticeably affect the simulation results. No change in the predicted vertical tyre stiffness 
or contact patch dimensions (length and width) was observed with the more refined 
mesh. The peak pp and sliding p, coefficients of friction at the contact patch were 
estimated based on the values in Table 2.1 to be 0.3 and 0.2, respectively. However, it 
was considered unlikely that changing these values would significantly alter the 
simulation results. This was later confirmed in an investigation carried out to determine 
the sensitivity of the analysis to variations in the friction levels. No change in the results 
was found with variations in the peak and sliding friction coefficients between 0.15 and 
1.2, and 0.1 and 1.0, respectively. These coefficients are considered to envelope the 
possible friction level between the tyre and the glass plate in the stationary experiments. 
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Figure 5.3 Three-dimensional glass plate modcl 
5.4 Longitudinal and Lateral Loading Simulations 
In the longitudinal and lateral loading simulations. consideration x\as gken to a normal 
load of 3 kN followed by a subsequent quasi-static transverse (longitudinal or lateral) 
load. The normal load was selected based on the assumption that tile \, \-eight ofa typical 
saloon car is 12 kN (i. e. 3 kN per wheel). This load was exerted on the 'tyre' by 
displacing the glass plate model vertically. The displacement necessary to create the tyre 
load was calculated using the predicted quasi-static load-deflection characteristics 
obtained from the normal loading simulation. At the selected displacement, the normal 
load was 3.1 M about 3 percent too high. This was considered acceptable because as 
mentioned earlier, errors inherent in FE simulations are typically 10 percent or more. 
5.4.1 Transverse Loading Phase 
The 'tyre' structure was allowed to achieve a state of equilibrium and the glass plate 
model was displaced either longitudinally or laterally at a rate of 0.05 M/s until sliding 
was evident. Sliding was assumed to occur when an increase in the displacement of the 
plate did not result in a corresponding increase in either the longitudinal or lateral load. 
The point when sliding occurs is governed by the normal load and the peak coefficient of 
friction. Therefore to ensure an adequate amount of data prior to sliding, the peak 
coefficient was specified to be artificially high, i. e. 0.7. The longitudinal and lateral tyre 
stiff-hesses were assumed to not be influenced by this friction coefficient. It should be 
noted that the longitudinal and lateral loads are developed by displacement of the glass 
plate and therefore the simulation time is dependent upon the load-deflection 
characteristics. A 10 mm displacement (0.2 s) corresponds to a computational time of 
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approximately 100 h. Thus, the simulation time for the longitudinal and lateral loading 
phases can be shown to be around 230 h (10 days) and 115 h (5 days), respectively. 
5.4.2 Restart Files 
Since the longitudinal and lateral loading simulations only represent a subsequent 
loading phase in addition to the wheel fit and inflation, and normal loading phases (see 
Section 5.3), restart files can be used to reduce the total computational time. A restart 
file is effectively a database that represents the complete description of a model at a time 
specified by the FE analyst. This method allows modifications to be made to a model 
without having to return to the initial stage of data initialisation. The simulation can be 
repeated from the restart time with the modifications included in subsequent time steps. 
Two types of restart files are available in explicit software and these are referred to here 
as small and full-deck restart files. This terminology is commonly used by FE analysts. 
The small restart files are usually created more frequently than the full-deck restart files 
because they use less storage space. However, they are useful only when small changes 
need to be made to a model. An example is an increase in the real time of an analysis. A 
full-deck restart file is necessary when major changes are needed, such as the deletion or 
addition of parts of a model and/or the re-specification of loads. They are often created 
when an analysis is carried out in distinct loading phases. This is because a restart file 
created at the end of an analysis phase can be used as an input file for subsequent 
loading phases. A benefit is therefore achieved if a number of subsequent cases need to 
be assessed. In the normal loading simulation reported in Section 5.3, full-deck restarts 
can be created after the wheel fit and inflation phase, and when the normal load exerted 
on the tyre is 3 kN. To reduce computational cost, this later restart file could then be 
used as the input file for the longitudinal and lateral loading simulations. At the time the 
normal loading simulation was carried out (Nov. 2000), the author was not aware that 
restart files could be created in LS-DYNA [17] and, thus, they are not used in this 
thesis. The approach would have been used had the author been aware of the method. 
5.5 Selection of Analysis Results 
The selection of analysis results for output and their output frequency is an finportant 
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aspect of any explicit FE simulation. A careful selection avoids the unnecessary 
generation of large results files that contain superfluous data. These large data files 
cause an increase in computational cost and storage space. Thus, only analysis results 
needed to validate the modelling methodology in Chapter 4 have been created herein. 
In LS-DYNA [17], analysis results can be output as field data (stresses, strains, 
displacements etc. ) in binary or ASCII-format, or as X-Y data. The field data is typically 
used in this thesis for graphical animation (for example see Figure 5.1), and verification 
and debugging purposes, and the X-Y data is used for plotting key results (Figure 5.4). 
This method is recommended in the text book by Jacob and Goulding [68]. The 
X-Y data is stored electronically in ASCII-format and loaded into MATLAB [71] for 
analysis and visualisation. This is consistent with the method used to analyse the 
experimental data in Chapter 3. Here, the sampling frequency of the field data and X-Y 
data are 2x 10-3 s and 5x 10-4 s, respectively. These sampling frequencies were chosen 
to give an adequate data resolution while ensuring an efficient use of storage space. It 
should be noted that the X-Y data can be stored more efficiently than the field data. 
The field data and X-Y data at each sampling point are taken to be the instantaneous 
results at the end of the time step that coincides with the time output is desired [951. 
5.6 Results and Discussion: Normal Loading Simulation 
The load-deflection characteristics obtained from the normal loading simulation 
described in Section 5.3 are shown in Figure 5.4. Figure 5.5 shows the predicted contact 
patch dimensions (length and width). In the figures, the normal load is given in kN, 
and the deflection and contact patch dimensions are given in mm. To provide a 
meaningful comparison, the contact patch length and width are plotted on identical axes. 
The corresponding physical test data taken from Figures 3.6 and 3.7 is also included. 
The normal load was determined from the vertical contact force and the deflection from 
the vertical displacement of the 'glass-plate'. The contact patch dimension were 
calculated from the co-ordinates of the nodes on the perimeter of the tyre tread; 
assuming a symmetrical contact patch only a quarter of the tyre nodes were considered. 
These nodes were assumed to be in contact when their vertical co-ordinates 
corresponded to those of the nodes on the glass plate. Since linear solid elements were 
use to model the tyre tread it was assumed that the contact patch dimensions remain 
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constant between successive nodal contacts and, as a consequence, a 'staircase' plot is 
therefore produced. These nodal contacts are represented in Figure 5.5 by square points. 
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Figure 5.4 Nonnal load-deflection characteristics 
The predicted load-deflection characteristics are shown in Figure 5.4 to be in excellent 
agreement with those determined from the stationary experiments. Both show a near 
linear relationship between load and deflection, and indicate the vertical tyre stiflhess to 
be approximately 180 kN/m. Based on this information, it is postulated that global tyre 
behaviour is accurately represented using the modelling methodology described in 
Chapter 4. This is given further support by the results observed in the longitudinal and 
lateral loading simulations in Section 5.7. These simulations appear to give realistic 
longitudinal and lateral tyre stiffinesses. As will be discussed later, however, these 
stiffiesses have only been validated by typical tyre data and not by physical test data. 
The numerical contact patch dimensions in Figure 5.5 yield a staircase plot. In reality, 
the growth of the contact patch is continuous and a trend-line (represented by closely 
spaced dots) is therefore also indicated. One approach would have been to draw the 
trend-line mid-way between the extreme values of the staircase plot. However, the 
author has chosen to represent the contact patch at the higher extreme. It is the author's 
opinion that refining the mesh will only displace the values at the lower extreme to the 
higher values; a coarser mesh will further reduce the lower values. The higher values, 
which correspond to the distinct points where node-to-surface contacts occur will 
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Figure 5.5 Tyre/ground contact patch dimension with normal load: (a) length; (b) width 
remain unchanged. This behaviour is confirmed in Figure 5.6. To create the figure, the 
mesh density of the stationary model local to contact region was reduced in the 
circumferential direction and the simulation was repeated. No change was made to the 
mesh through the tyre cross-section and therefore a significant variation in the contact 
patch width was not expected. Thus, only the contact patch length is presented here. 
In terms of the contact patch dimensions shown in Figure 5.5, a good trend-wise 
agreement is evident between the simulation results and those obtained in the stationary 
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Figure 5.6 Simulated contact patch length with normal load and mesh density 
experiments. Both sets of dimensions show a similar linear relationship between normal 
load and contact patch length, and non-linear relationship between load and contact 
patch width (for loads between I kN and 5 kN). Based on the assumed FE trend-line, 
however, the numerical contact patch length and width are typically 30 mm and 20 nun 
higher, respectively. To find out why the predicted contact patch dimensions differ from 
those obtained in the full-scale physical tests, a parametric study has been carried out. 
5.6.1 Parametric Study 
In the parametric study, the elastic constants of the tyre components, the mesh density 
of the tyre and glass plate models, and the contact algorithm were all identified as 
possible reasons why the contact patch dimensions differed. As mentioned earlier, 
changes in the mesh density of the tyre (see Figure 5.6) and glass plate (Section 5.3.2) 
do not significantly influence the contact length and width. Variations in the elastic 
constants of up to ±25 percent of the nominal values were also unable to account for 
the difference. This is clearly shown in Figure 5.7. In the figure, the physical test data is 
shown as a benchmark. To illustrate the fact that tyre behaviour under normal load is 
governed by the inflation pressure and not the tyre structure, the effects of an identical 
change in the pressure is also included in the contact patch length plot (Figure 5.7(a)). 
By disregarding the elastic constants, and the mesh density of the tyre and glass plate 
models, it is postulated that the difference is related to the performance of the contact 
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Figure 5.7 Tyre/ground contact patch dimensions with normal load at various 'tyre' 
component stiffnesses (elastic constants) and inflation pressures: (a) length; (b) width 
algorithm. Numerous parameters influence the contact algorithm (16 mandatory and 14 
optional inputs are needed in the standard surface-to-surface model) and therefore, to 
verify the author's opinion, it is necessary to characterise the effect of each of these. 
This is beyond the scope of the work reported here and, thus, this has not been possible. 
It should be noted, however, that a deficiency with the contact algorithm has been given 
support by way of private communication with a FE analyst at Ove Arup & Partners, the 
distributors of LS-DYNA [17] in the United Kingdom. Dr B. Walker [96] has strongly 
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indicated that a one-to-one correlation is unrealistic for such a complex non-finear 
contact problem and that a trend-wise agreement should be considered to be the norm. 
5.6.2 Normal Pressure Distribution 
The predicted normal pressure distributions in the contact patch at normal loads of 1,3 
and 5 kN are shown in Figure 5.8. These pressure distributions! were calculated using 
nodal force data at the contacted tyre nodes; again only a quarter of the nodes were 
considered. An alternative and (in hindsight) more direct method is to use the nodal 
stress field data. This method can be shown to yield the same contact pressures but was 
not used here because as mentioned in Section 5.5, field data needs more storage space. 
At the time the analysis was carried out, this storage space was not available. At the 
centre of the contact patch, the longitudinal and lateral positions are 0 mm. It should be 
noted that the 'channels' evident across the contact patch (seen at a lateral position of 
±20 mm) do not correspond precisely to the grooves of the tyre model shown in 
Figure 4.1. This is because the contact pressure at the very edge of the grooves was not 
considered. The channels are therefore wider than the grooves of the experimental tyre. 
In Figure 5.8, a reduction in the normal pressure at the centre of the contact patch is 
seen to occur as the normal load increases. The simulation results therefore confirm the 
observation by Browne et aL [31] that the tyre centre 'buckles' upwards under 
increasing normal load. This phenomenon has previously been discussed in relation to 
the flat bed experiments (see Section 3.6.1). At the same time there is an increase in the 
contact patch size and the shape changes from an oval to a rectangular one (Figure 3.5). 
Thus, it is evident that the modelling methodology can be used to simulate the 'actual' 
contact deformations experienced in a stationary tyre. However, a one-to-one 
correlation in the normal pressures is not realised because, as discussed, the contact 
patch length and width (and therefore also area) differ from those obtained in the full- 
scale physical tests. This is clearly observed when the pressure distribution is compared 
to the rolling contact stresses at the lateral tyre centre, given in Chapter 3, and also 
those presented across the contact patch width, in work carried out by Dennehy [9]. 
It should be noted that a significant amount of 'noise' was evident in the nodal force 
data used to create Figure 5.8. This is shown for a node at the centre of the contact 
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Figure 5.8 Simulated normal pressure distributions: (a) I kN, (b) 3) M (c) 5 kN 
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patch in Figure 5.9. In tile figure, a smooth trend-fine (represcntcd by a I-vold line) is also 
indicated to illustrate the trend. Similar nodal force data can tv presented I'm- the other 
contacted tyre nodes. The normal pressures were cý11culated based oil tile smoothed 
nodal forces oil the contacted nodes and the corresponding 'area ofinflucilce'. The tread 
is modelled using linear elements and therefibre the area ofinfluericc was taken to be a 
quarter ofthe area ofthe adjoining segments. The definition ol'a segment has previously 
been given in Section 4.7. Since tile niesh is unifiorm in the contact region (see 
Figure 4.1), this area was approximately tile same fior each contacted flodc. The arca 
was found to be 8.5x 10-. ý rn2-, a segment can be shown to he approximatcly 5x 17 rnin. 
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Figure 5.9 Contact force on a node at the centre of the contact patch with normal load 
The nodal force characteristics shown in Figure 5.9 illustrate tile reduction in load 
pressure observed at the centre of the contact patch. This provides evidence relating to 
the onset of tyre 'buckling. In the figure, this buckling effect appears to occur when the 
normal load exceeds 0.8 kN. Since the tyre construction is typical of that used oil a 
standard road vehicle, this value is likely to be representative of when buckling occurs in 
many tyres. This is of particular interest to tyre technologists and vehicle dynamic 
analysts involved in the implementation of semi-empirical tyre models because it 
indicates a clear point when the normal pressure distribution changes. Thus, it is 
suggested here that the parabolic normal pressure distribution sometimes assumed [41, 
49] is only representative at low normal loads, e. g. to I kN. At slightly higher loads a 
uniform or trapezoidal distribution [33,45] is better and. at typical operating loads 
(>2 kN), an alternative distribution which represents the tYre buckling etTect is needed. 
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5.7 Results and Discussion: Longitudinal and Lateral Loading 
Simulations 
The load-deflection characteristics obtained from the longitudinal and lateral loading 
simulations are shown in Figure 5.10. The loads are again given in kN and the 
deflections in mm. The normal load-deflection characteristics (see Figure 5.4) are also 
included in the figure to allow a simple visual comparison to be made between the 
normal, longitudinal and lateral tyre stiffnesses. These have been found to be 
approximately 180 kN/m, 200 kN/m. and 100 kN/m, respectively. It should be noted that 
the longitudinal and lateral loads exerted on the 'tyre' were again determined from the 
contact patch forces, and the deflections from the displacement of the glass plate model. 
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Figure 5.10 Simulated normal, longitudinal and lateral load-deflection characteristics 
Due to the closure of the experimental facilities at Dunlop Tyres Limited, the author 
does not have longitudinal and lateral load-deflection measurements for the experimental 
tyre. As an alternative, however, Dunlop Tyres have provided longitudinal and lateral 
stiffness values for a similar 195/60 R15 tyre with an inflation pressure of 200 kPa [97]. 
These stifffiesses were 300 kN/m and 170 Min, respectively. It should be noted that 
although the tyres are of similar construction, these stiffness values are likely to be 
significantly higher than those for the experimental tyre. This is because sidewall. 
deformations influence the longitudinal and lateral stiffnesses. These sidewall 
deformations are affected by the rubber properties and the tyre's aspect ratio (see 
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Section 2.3). The aspect ratio is different for the two tyres and therefore the stiffnesses 
are only useful as a guide. It is noted that for a 195/70 R15 tyre, the lateral stiffness is 
assumed in the work by Lee et al. [88] to be about 90 kN/m. Based on this information, 
it is postulated that the predicted longitudinal and lateral stifffiess of 200 kN/m and 
100 Min, respectively, are within the range expected. The simulations appear to give 
realistic longitudinal and lateral tyre stiffnesses which are necessary to simulate tyre 
behaviour during acceleration/braking, and cornering (slip and camber angle) conditions. 
5.8 Summary 
The structural behaviour of the experimental tyre during the stationary experiments (see 
Chapter 3) has been successfully simulated. Numerical results have been compared with 
a reasonable degree of success to experimental measurements. An excellent correlation 
was found for the normal load-deflection characteristics. Longitudinal and lateral load- 
deflection characteristics have also been analysed and these appear to give realistic tyre 
stiffnesses. These simulation results therefore suggest that the modelling methodology 
presented in Chapter 4 could be employed to accurately simulate global tyre behaviour. 
The predicted contact patch dimensions (length and width) were found to give a good 
trend-wise agreement, but the contact patch length and width were typically 30 nim and 
20 mrn greater than the physical test data, respectively. As a consequence, the normal 
pressures in the contact patch were found to be lower than those expected. To 
determine the reason(s) for the difference, a parametric study has been carried out. 
Based on the results of the study and on information from Ove Arup & Partners, it 
appears that the difference is likely to be related to the contact algorithm inherent in the 
code. This suggests it is not straightforward to accurately predict the contact 
deformation, and corresponding internal transient stresses and strains in the tyre 
structure, in absolute terms. However, the good trend-wise agreement suggests that the 
modelling methodology should be capable of predicting internal transient responses 
which are, at least, related to the 'actual' contact patch deformations in a rolling tyre. 
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Chapter 6 Simulation of Rolling Tyre Behaviour 
6.1 Introduction 
It has already been mentioned that the aim of the Finite Element (FE) modelling work 
is to provide an initial investigation of the complex internal stresses and strains in a 
rolling tyre. Furthermore, it has been stated that the accuracy of any simulation is only as 
good as the FE program and the way in which it is employed. Stationary (non-rolling) 
tyre simulations have been carried out in Chapter 5, using a Sun Ultra 60,360 MHz 
workstation. The computational time for simulating a tyre under normal loading (to 
5 kN) was found to about 200 h. This time can be approximately halved utilising the 
current resource, a Sun Blade 1000,750 MHz workstation. All simulations in the 
chapter were carried out using LS-DYNA [17] version 950d. This version was, at the 
time, the most up to date release. It should be noted that the current release is version 
960. The stationary results suggest the modelling methodology is capable of predicting 
internal transient stresses and strains which are related to those in a rolling tyre. Thus, 
the rolling behaviour on a flat bed and a rolling drum (see Chapter 3) is considered here. 
6.2 Computational Considerations 
One full revolution of a rolling tyre is required at the desired speed (see Section 3.6). To 
simulate one revolution at a longitudinal tyre velocity corresponding to that in the flat 
bed experiments (0.18 km/h) would require a 'real time' in excess of 10 s. The 
computational cost for such a simulation is estimated to be greater than 12,000 h (500 
days) using LS-DYNA version 950d with a 'forced' minhnum. time step of 5X 10-7 S. 
This estimation is based on the current computational resource, a Sun Blade 1000. The 
computational time is doubled using the 'double precision' option now available in 
version 960 of the code. As will become clear later in this chapter, double precision is 
needed to successfully simulate a rolling tyre and the simulation the is therefore 
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obviously unacceptable. It was, however, recognised that a significantly reduction in the 
computational cost can be achieved by increasing the rolling tyre velocity. Consideration 
has been given here to a velocity of 20 kmIL This choice of speed was deemed 
acceptable based on the assumption that no discernible change occurs in the contact 
patch stress distributions up to a velocity of approximately 130 km/h [75]. Thus, the 
rolling simulations are carried out over a real time of approximately I s, about one tenth 
of the computational time originally estimated if the tyre velocity was only 0.18 km/h. 
6.3 Rolling Simulations 
The rolling model described in Chapter 4 is used to simulate tyre behaviour during free- 
rolling conditions on the flat bed and rolling drum surfaces. In the simulations, the wheel 
fit and inflation, the norrnal loading to 3 kN and the rolling of the tyre arc represented. 
6.3.1 Wheel Fit and Inflation, and Normal Loading Phases 
The wheel fit and inflation phase was carried out in an identical manner to that in the 
normal loading simulation described in Section 5.3. The Ityre' was then allowed to 
achieve a state of static equilibrium and the 'ground' surface was displaced vertically (in 
the z-direction) at a rate of approximately 0.4 m/s. This rate was chosen to minimise the 
simulation time while ensuring a stable solution. Contact problems, at high impact 
velocities, are known to occur with LS-DYNA [17] and these have been discussed in 
Section 5.3.1. The rate of 0.4 mIs is not representative of the rolling experiments and, as 
a consequence, it introduces a numerical dynamic effect into the normal loading phase. 
This does not invalidate the analysis because transient deformations during this phase are 
not relevant to the rolling simulation results, only the steady-state tyre deformation is 
important. To simulate the deformation, the surface displacement was again initially 
selected based on the quasi-static normal load-deflection characteristics shown in Figure 
5.4. This has been discussed in Section 5.4. As will become clear later, it was necessary 
to modify this displacement to accurately simulate the deformation. The tyre was 
allowed to achieve a state of equilibrium after the specified displacement was reached. 
The flat bed is represented by a 7.75 m long x 1.15 m wide horizontal surface coarsely 
modeHed using 3,565 quadrilateral rigid sheU, elements. The mesh is uniform and the 
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elements are based on the Belytschko-Lin-Tsay shell element 182,83 1. Similarly, tile 
2.39 m diameter drum surface is modelled using 8,280 shell elements. The drum model 
is shown in Figure 6.1. It should be noted that this model is more than two times as 
refined circumferentially as the flat bed model is in the longitudinal (x-) direction. This is 
necessary to adequately represent the curvature of the drum using flat quadrilateral 
elements. Significant changes in the mesh density do not noticeably affect the stationary 
simulation results (see Section 5.3.2) and it is therefore acceptable here to assume that 
similar mesh density changes will also not significantly influence the rolling simulations. 
V-- x- 
Fhýure 6.1 Three-dimensional drum surface model 
6.3.2 Rolling Phase 
To simulate the rolling action, the wheel rotational constraint about the y-axis is released 
and a velocity is then applied to the 'ground' surface. This is representative of the 
situation in the flull-scale physical tests carried out on the flat bed and rolling drum 
machines, respectively. This velocity was applied in the longitudinal (x-) direction in the 
flat bed simulation. In the drum simulation, the drum was rotated about its centroid 
causing the contacting tyre to rotate. The velocity was increased linearly to the desired 
speed of 20 km/h over a real time of 0.4 s. This real time was chosen because excessive 
slip was found, by trial and error procedures, to occur at higher surface accelerations. 
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6.4 Tyre Damping 
Mass-proportional damping has again been applied at a material level to optimise the 
model response in the wheel fit and inflation, and normal loading phases. This damping 
was removed prior to the rolling phase because retarding forces applied to each node are 
known to eliminate realistic transient responses. Appropriate damping levels are an area 
of constant debate and, like contact modelling, rely heavily on the experience and 
expertise of the FE analyst. Jacob and Goulding [68] have presented some 
representative viscous damping levels for selected structures but no recommendation is 
given for an automobile tyre (or similar structure). The recommended levels are typically 
less than 3 percent of the critical damping level. Based on this information, it was 
considered acceptable to discount damping in the rolling phase. This issue is discussed 
further in Section 6.5 where the damping level is linked to the rolling resistance 
characteristics. Rolling resistance has a constant but a relatively minor effect on the 
contact patch stress distributions and it is therefore postulated that the assumption to 
neglect damping does not invalidate the modelling methodology. To simulate tyre rolling 
resistance effects, further work is needed to characterise a more realistic damping level. 
6.5 Results and Discussion: LS-DYNA version 950d 
The flat bed and drum simulation were initially analysed using LS-DYNA version 950d. 
These analyses were found to experience numerical instabilities and in both cases a 
, floating point exception' was found to occur. This numerical problem arises because 
real numbers are stored as words of finite length (i. e. fixed numbers of digits), usually 
referred to as either single or double precision with a word length of 32 bits and 64 bits, 
respectively. A floating point exception is said to occur when a number is too large or 
too small to be represented and, as a consequence, the analysis 'crashes'. This problem 
is known to occur in the code and has also been found by other FE analysts [98] but to 
the author's knowledge it has not previously been reported in relation to tyre analysis. 
The flat bed and drum simulations were carried out in July 2001 when only single 
precision was available. Double precision was not available until February 2002 with the 
current release (version 960) and, thus, a significant time period (almost 8 months) was 
spent by the author unsuccessfully trying to provide a modelling solution to a numerical 
instability problem inherent in the code. For example, various tyre acceleration rates 
103 
between 7 mls' and 24 m/s2 were tested. Based on this experience, it is the author's 
opinion that rolling tyre simulations using single precision are not to be attempted 
because the analysis is likely to crash before the required numerical results are available. 
6.6 Results and Discussion: LS-DYNA version 960 
The flat bed simulation was reanalysed using version 960 and the simulation time was 
found to be approximately 2,400 hours (100 days), double that needed for a single 
precision analysis. This penalty is deemed acceptable in terms of the project's aim but, 
for future analyses, the simulation time could be significantly reduced by model 
optimisation of the rolling phase. For example, the tyre acceleration could be increased 
by applying a rotational velocity to the wheel which corresponds to that given to the 
horizontal surface. This wheel rotational velocity could be removed once the desired 
speed is reached and the tyre would then be driven solely by the surface. Since the tyre 
acceleration is not relevant to the rolling simulations, such model optimisation would not 
invalidate the results. In a feasibility investigation carried out by the author, it was found 
that the desired speed could be reached in a real time of 0.1 s. This corresponds to a 
computational saving of about 720 h and thereby reduces the simulation time to 70 days. 
After the tyre, travelling at 20 km/h, had rotated one full revolution, the contact patch 
behaviour was examined. The predicted contact stress distributions at the normal load of 
3 kN are shown in Figure 6.2. Figure 6.3 shows a comparison between the stresses at 
the lateral tyre centre and those obtained in the flat bed experiments (again at 3 kN). 
In Figure 6.2, the contact stresses are given in kPa, and the distance travelled by the tyre 
and the lateral tyre position are given in m and mm, respectively. The stress values are 
those obtained as a contacting node progresses through the contact patch and 17 nodes 
across the width are considered. The distance travelled in Figure 6.3 corresponds to that 
found in the flat bed simulation and not that found in the physical tests where the tyre 
travelled about 1.6 m. The physical test data is plotted on top of the simulation results 
for comparison purposes. In both figures, the numerical stresses were obtained directly 
from the nodal stress field data, not via the nodal force data, at an interval of 5X 10 -4 s. 
As explained in Section 5.6.2, this does not influence the simulation results. The stresses 
in the figures are those exerted on the tyre and not on the horizbntal surface. The shear 
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Figure 6.2 Simulated contact stress distributions at a normal load of 3 kN and a velocity 
of 20 km/h: (a) normal pressure; (b) longitudinal shear stress; (c) lateral shear stress 
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stresses are therefore opposite in sense to the experimental measurements presented in 
Figures 3.8, and 3.10 to 3.15. The normal and shear contact stresses are plotted on 
similar axes to provide a simple meaningful comparison, and the length depicted in 
the plots is again 0.2 m. At the lateral centre of the tyre, the lateral coordinate is 0 nun. 
The normal pressure exerted on the contacting nodes in Figures 6.2(a) tends to be high 
at the front of the contact patch, lowest at the centrc and then high again at the rear. 
This characteristic is related to the 'buckling' effect of the tyre which has been discussed 
in Section 3.6.1. The pressures at the front are approximately the same as those at the 
rear suggesting that the rolling resistance effect is not simulated. This is also suggested 
by the longitudinal shear stress distribution in Figure 6.2(b). The author believes that the 
rolling resistance can be introduced into the numerical results by damping the tyre 
components. However, rolling resistance is a minor cffect (typically about 50 N) and, 
thus, neglecting damping in the rolling phase is considered acceptable in this thesis. 
At the lateral tyre centre (see Figure 6.3(a)), the maximum predicted pressure is found 
to be about 450 kPa and at the centre of the contact patch the pressure is 325 kPa. The 
corresponding normal pressure measurements obtained in the flat bed experiments are 
about 320 kPa and 275 kPa, respectively. The discrepancy in these numerical and 
measured values can be related to a difference in the pressure distributions across the 
width of the contact patch. Interestingly, the predicted pressure distribution also differs 
significantly from that experienced in the stationary (non-rolfing) numerical results (at 
3 kN) shown in Figure 5.8(b). This result is discussed further in Section 6.6 where the 
disparity is related to changes in the code between LS-DYNA version 950d and 960. 
In Figures 6.3(b) and 6.3(c), the predicted longitudinal and lateral shear stresses at the 
lateral tyre centre are shown to exhibit similar characteristics to those observed in the 
flat bed experiments. The longitudinal shear stress follows a sinusoidal-style sweep as 
the contacting node progresses through the contact patch, and an excellent correlation is 
evident in the peak numerical and measured stresses at the front (--80 kPa). In contrast 
to the physical test data, however, the predicted longitudinal shear stresses at the rear 
are significantly lower than those at the front, the peak value having a magnitude of 
about 30 kPa. Again this disparity can be related to a difference in the stress distribution 
across the width. Zero net longitudinal force is found in the rolling simulation because 
107 
the shear stresses predicted under the tyre shoulders are significantly grcater at the rcar 
of the contact patch than at the front. At a lateral tyre co-ordinate of ±55 mm, the peak 
stresses at the front and rear of the contact patch are 20 kPa and -50 kPa, respectively. 
The lateral shear stresses across the width (see Figure 6.2(c)) exhibit similar 
characteristics to those observed in the experimental work by Dennehy [9] and DeBecr 
[23]. On one side of the tyre, positive lateral shear stresses arc developed, whilst on the 
other side these stresses are negative. The stresses are about equal in magnitude and, as 
a consequence, the overall effect is a zero net lateral force. The lateral shear stresses at 
the lateral centre of the tyre are approximately zero. This is to be expected under free- 
rolling conditions because conicity and ply steer effects (Section 2.7.3) are negligible. 
The numerical results show characteristics wl-iich are similar to those observed in the flat 
bed rolling experiments, and also mentioned in the literature [9,31,75]. The buckling 
effect in the normal pressure distribution and the sinusoidal-style style sweep in the 
longitudinal shear stress distribution are both evident. The lateral stress characteristics 
are also realistically simulated [9,23]. Whilst the results are not a one-to-one correlation 
with the physical test data they again confirm the potential of the modelling 
methodology to predict contact deformations which are experienced by a rolling tyre. 
6.7 Incompatibility between LS-DYNA version 950d and 960 
The normal pressures in the contact patch shown in Figure 6.2(a) are significantly higher 
than those observed from the stationary (normal loading) simulation in Figure 5.8(b) 
using version 950d. This difference cannot be related to the 'real' physical behaviour of 
the tyre during the rolling mechanism and therefore must be related to changes in the 
coding. This was confirmed when the normal loading simulation was repeated using 
version 960. The norinal load-deflection characteristics and contact patch dimensions 
(length and width) are shown in Figures 6.4 and 6.5, respectively. To provide a simple 
visual comparison, the simulation results obtained using version 950d (see Figures 5.4 
and 5.5) and the physical test data (Figures 3.6 and 3.7) are also included in the plots. 
To discount the possibility that the rolling tyre simulation results were influenced by the 
analysis precision, both single and double precision analyses were carried out with 
version 960. Precision can affect the results through truncation of real numbers, or 
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round off-errors in repeated numerical calculations. No discernible change was found 
here between the two precisions. The differences shown in Figure 6.4 and 6.5 bctwccn 
the two versions are therefore due to algorithm changes in the LS-DYNA [17] coding. 
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Figure 6.4 Normal load-deflection characteristics 
The load-deflection characteristics shown in Figure 6.4 are seen to differ using the two 
different versions of the code. Version 960 again gives a linear relationship between 
normal load and deflection but the correlation with the physical test data is now not as 
good as observed with version 950d. The new predicted vertical tyre stiffness is 
approximately 200 kN/m. This stiffness is II percent higher than that obtained using 
version 950d and that measured in the stationary experiments. It is, however, within the 
error limits usually expected for FE simulations and is therefore considered acceptable. 
The contact patch area is more accurately represented using version 960 (see 
Figure 6.5). The contact dimensions (length and width) again show a good trend-wise 
agreement with the physical test data but the difference in the width dimension has 
significantly reduced. Based on the distinct points when the node-to-surface contacts 
occur (represented by the square points), the predicted width from version 950d is 
typically reduced by approximately 15 mm. The contact patch length remains 
approximately the same to a load of 4 kN, i. e. typically 30 nun greater than the physical 
test data and, as a consequence, the contact patch area is reduced. This reduction in 
contact patch area correlates to the increase in the normal pressures using version 960. 
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Figure 6.5 Tyre/ground contact patch dimension with norrml load: (a) length; (b) width 
It should be noted that as LS-DYNA [17] develops, 'bugs' found in the code are 
removed. A number of problems with version 950d have been identified by others [991 
and changes have been made to the two subsequent releases, i. e. versions 950e and 960. 
These changes, as well as new additional features, are summarised in the Update and 
Release Notes [100,101]. The changes are numerous (>100 bugs were removed from 
version 950d prior to releasing 950e) and the differences shown in Figures 6.3 and 6.4 
are unlikely to be related to any one specific modification. Possible causes range from 
changes in element formulations to the performance of the contact algorithm. Analysis 
results can also differ from machine to machine [99]. Research plays a major role in FE 
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software development and this thesis has identified some problems with version 950d. 
For example, the performance of the incompressible Mooncy-Rivlin rubber material 
model (material model 27) under shear deformation. This problem is not mentioned in 
the subsequent Update and Release Notes [ 100,10 1] and must therefore remain an issue 
for the code developers. The problem is beyond the scope of the work reported herein. 
It is the author's opinion that the difference in the results from the two versions does not 
undermine the earlier model validation work when only version 950d was available. 
These numerical results, shown in Figures 6.3 and 6.4, only reemphasize the difficulty in 
predicting tyre behaviour local to the contact patch. A good trcnd-wisc agreement in the 
contact patch dimensions (length and width) is still observed and because the contact 
patch width is more accurately represented, it is likely that, the internal transient 
responses in the tyre will be more accurately predicted. Thus, the author believes an 
improved understanding of the transient tyre stresses and strains local to the contact 
patch can still be achieved via numerical simulation using version 960. The results also 
suggests that a FE analyst should demonstrate extreme caution before using results 
obtained from different versions of the same code to validate a modelling methodology. 
6.8 Internal Stresses and Strains 
In Section 1.3 it was stated that to support the development of in-tyre sensor system 
technologies, it is necessary to gain a greater understanding of the internal transient 
stresses and strains in a rolling tyre. These are important because they can be used to 
determine the most appropriate location for an in-tyre sensor (or sensors) and the 
dynamic relationship (transfer function) between the sensor outputs and the contact 
patch stresses. It should be noted, however, that the location of a sensor will be 
influenced by its performance in terms of strain range and cyclic endurance, as well as 
tyre operating temperature. The cyclic endurance is a function of the strain level [1021. 
A number of technologies are potentially available for in-situ measurement of transient 
elastic deformations in rolling tyres. There are a number of advantages and 
disadvantages with each potential method, and a significant amount of development 
work is needed before any solution becomes practical. Some of these technologies are 
detailed in the work by Tomka et aL [103], and include surface acoustic wave (SAW) 
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clectroactive materials and magnetoactive soil magnetic materials. Vhjs %%ork has 
focused on one of the key potential sensor technologies in(] this has resulted in Ilic 
development of a magnetic field insensitive stress sensor based on amorphous magnetic 
materials [104]. This sensor technology is Rely to bc attractive in the ineasurcinciii of' 
the longitudinal, and lateral stresses at. or near to. the contact patch. Displacciliclit 
sensors such as those developed by Darnistadt I Iniversity 111.141 are l1kcly to better 
suited to the measurement of vertical stresses due to changes in flic týrc thickness. 
To provide an improved understanding ol'intcrnal b1-haViOUr in a rolling tyrc, the N-crtical 
cT- , 
longitudinal (T, , and 
lateral stresses (T, and strains ( i.. , i. -, and i, -, ) 
firoin the flat bed 
simulation (using version 960) are shown in Figures 6.7 and 6.8. and 6.10 to 6.13. I'llesc 
results provide information which could be used to identify the best location for ill-tvrc 
sensors. The stresses and strains at six nodal positions local to the contact patch are 
considered. Figure 6.6 shows that the selected six nodes are located at three diflerclit 
lateral coordinates, i. e. at the lateral centre ofthe tyre. and at 1 30 and f 55 111111 firoill the 
centre. The height positions are 5 nim and 10 min tioni the contacting hori/ontal 
surface. Nodal positions 1,3 and 5 are in the tread, half-way bLtA'ccn the contact patch 
and belt (bandages and breakers), while those at positions 2.4 and 6 arc situated at the 
interface between the tread and bandages. The internal behaviour at other positions call 
easily be obtained, and the stresses and strains are approximately symmetrical about the 
lateral tyre centre. Thus, the values at a lateral position of' -30 nini and -55 film are 
approximated by those shown here at +30 nim and +55 nim. In the figures. the stresses 
and strains were again obtained directly from the nodal stress field data and were taken 
as the nodes progress through the contact region at a sampling firequency of 5X 10-' s. 
Figure 6.6 Nodal positions local to the contact patch 
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Typically, strain gauges measure ranges between ±2 percent, and the cyclic endurance is 
±2000 micro-strain for between 10' and 108 cycles [ 102]. A tyre is commonly used over 
approximately 50,000 krn (>25 x 106 revolutions/cycles) under acceleration/braking and 
comering conditions, and sometimes in misuse situations [59]. These conditions are 
likely to increase the internal stresses and strains observed in the tyre structure beyond 
the values observed under free-rolling conditions. The strains may be experienced over 
short time periods of less than 1/200th s and at temperatures in excess of 100 T. These 
values were estimated based on a linear velocity of 100 km/h and a contact patch length 
of 0.1 m. They should be considered by the tyre technologist when choosing a position 
for an in-tyre sensor package. Furthermore, it should be noted that the strains 
experienced by a sensor wM be influenced by its mechanical properties. The relatively 
stiff sensor will cause a redistribution of stresses and strains in the surrounding rubber. 
Thus, the stresses and strains presented herein are useful as a initial guide to the location 
of an in-tyre sensor (or sensors). To determine the outputs with specific types of sensor, 
the simulation must be repeated with the sensor package represented in the tyre model. 
6.8.1 At the Lateral Tyre Centre 
The internal stresses and strains at nodal positions I and 2 (at the lateral centre of the 
tyre) are shown in Figures 6.7 and 6.8. The stresses and strains at position A, the 
corresponding lateral coordinate in the contact patch, are also shown as a comparison. 
The vertical, longitudinal, and lateral stresses are shown in Figure 6.7 to exhibit sirnilar 
characteristics. As the nodes enter the contact region (at the front) the stresses rapidly 
increase. The contact patch starts at a distance of approximately 3.33 m and ends at 
3.47 m. The stresses reduce at the centre, and then increase again towards the rear. The 
corresponding stresses differ by less than 10 percent in the three directions and a 
change in the shape of the stress distribution is not evident through the tread thickness. 
A decrease in the vertical stresses is evident in Figure 6.7(a) as the distance from the 
contacting surface increases. This must occur since the inflation pressure is only 
200 kPa. The vertical stress at the tread perimeter (node A) is much higher (between 
300 kPa and 450 kPa). Through the tyre thickness, the stress reduces from the value at 
node A to the inflation pressure at the inner-face of the liner. The stress reduction is 
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Figure 6.7 Simulated internal stress distributions at the lateral centre of the tyre With a 
normal load of 3 kN and a velocity of 20 knVh: (a) vertical; (b) longitudinal; (c) lateral 
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normal load of 3 kN and a velocity of 20 km/h: (a) vertical; (b) longitudinal; (c) lateral 
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approximately linear, and is 20 kPa every 5 mm. of tread depth. Beyond the interface 
between the tread and bandages, however, there must be a change in the distribution as 
the pressure at the inner-face of the liner is uniforrn. This change is shown in Figure 6.9. 
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Figure 6.9 Cross-sectional vertical stress distribution at the lateral tyre centre 
The linear reduction through the tread does not occur with the longitudinal and lateral 
stress distributions shown in Figures 6.7(b) and 6.7(c). No logical trend can be identified 
as the distance from the contacting surface increases. A reduction of approximately 
25 kPa is evident in the longitudinal stresses from node A to node I and node I to 2, 
while the typical reductions in the lateral stresses are 20 kPa and 0 kPa. It is postulated 
that the internal longitudinal and lateral stresses at nodes I and 2 are influenced by the 
behaviour of the adjoining belt. This influence is more significant at node 2 because it is 
situated at the interface between the tread and belt. Since the cords in the breakers are 
orientated at an angle of ±20 degrees to the tyre circumference, the overlapping layers 
stretch causing the rubber matrix to flex. This local flexing action is transmitted to the 
rubber tread via the bandages and diminishes as the distance from the breakers increases. 
In Figure 6.8, the direct strains at the lateral tyre centre are shown to be less than 
2 percent for the flat bed simulation. The magnitude (and variation) of these strains 
tends to reduce through the tread thickness. At node 1, the strains range is 
approximately 1.4 percent in the vertical direction, and 2.2 and 1.5 percent in the 
longitudinal and lateral directions, respectively. The corresponding strain ranges at 
node 2 are 1.5,1.2 and 0.5 percent. The reduction through the tread is to be expected as 
the reinforcing cords in the belt stiffen the tyre and, thus, reduce the local deformation. 
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6.8.2 At +30 mm and +55 mm from the Lateral Tyre Centre 
The internal stresses and strains at the two positions +30 mm (nodes 3 and 4) and 
+5 5 mm (nodes 5 and 6) from the lateral tyre centre are shown in Figures 6.10 and 6.11, 
and 6.12 and 6.13, respectively. The stresses and strains at positions B and C, the 
corresponding lateral coordinates in the contact patch, are also shown as a comparison. 
In Figures 6.10 and 6.12, the three stresses are shown to exhibit similar characteristics to 
those at the lateral tyre centre (see Figure 6.7) as the distance from the surface increases. 
The stress distributions obviously differ because the contact stresses are not the same 
across the width of the contact patch. The vertical stress distributions again suggest a 
linear reduction through the thickness of the tread. At +30 mm and +55 nun from the 
lateral centre, the reduction is about 45 kPa and 10 kPa every 5 nun, respectively. Again 
a logical trend cannot be identified in the longitudinal and lateral stresses. From node B 
to node 3 and from node 3 to node 4, the longitudinal stresses reduce by approximately 
45 kPa and 10 kPa, respectively. The lateral stresses reduce by 15 kPa and 20 kPa. The 
reduction in the longitudinal stresses from node C to nodes 5 and 6 is typicafly 20 kPa, 
and those in the lateral stresses are 20 kPa and 0 kPa. As mentioned earlier, this 
behaviour is influenced by the action of the belt, primarily the cords in the breakers. 
The direct strains (at nodes 3 to 6) are shown in Figures 6.11 and 6.13 to vary between 
+5 and -4 percent. The strain ranges at nodes 3 and 4 are 1.7,1.8 and 2.0 percent, and 
0.8,1.1 and 0.8 percent in the vertical, longitudinal and lateral directions, respectively. 
At nodes 5 and 6 these ranges are 3.1,1.5 and 2.0 percent, and 2.0,0.7 and 1.6 percent. 
The simulated strain characteristics at nodal positions I to 6 are given in Tables 6.1. 
The numerical results suggest that an in-tyre sensor package will experience high strain 
variations even under free-rolling conditions. These strain ranges coupled with the cyclic 
endurance and temperature requirements raise questions about the survivability of in- 
tyre sensors. Further work is needed to fiffly characterise the internal stresses and strains 
in a rolling tyre under typical driving scenarios, such as acceleration/braking and 
cornering (slip and camber angle) conditions, and in specific sensors embedded in the 
tyre. The work presented here has suggested that magnitude of the internal strains tend 
to reduce through the tread depth since the reinforcing cords of the bandages and 
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Figure 6.10 Simulated internal stress distributions at lateral coordinate of +30 mm with 
a normal load of 3 kN and a velocity of 20 km/h: (a) vertical; (b) longitudinal; (c) lateral 
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Figure 6.11 Simulated internal strain distributions at lateral coordinate of +30 nun with 
a normal load of 3 kN and a velocity of 20 km/h: (a) vertical; (b) longitudinal; (c) lateral 
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Figure 6.12 Simulated internal stress distributions at lateral coordinate of +55 nun with 
a normal load of 3 kN and a velocity of 20 km/h: (a) vertical; (b) longitudinal; (c) lateral 
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Node Number Strain Ranges (Max/Min) 11cight Position 
1%] [mm] 
Vertical Longitudinal Lateral 
1 0.1/-1.3 0.7/4.5 1.3/-0.2 5 
2 0.7/-0.8 0.3/-0.9 0.7/0.2 10 
3 0.8/-0.9 0.8/4.0 1.2/-0.8 5 
4 1.0/0.2 0.5/-0.6 -0.1/-0.9 10 
5 3.2/0.1 1.01-0.5 -1.0/-3.0 5 
6 2.5/0.5 0.8/0.1 -1.0/-2.6 10 
Table 6.1 Simulated internal strain ranges 
breakers stiffen the local region. The results also suggest that the strains are higher near 
the tyre shoulders. Based on this inforination, it is postulated that consideration should 
be given to positioning in-tyre sensors near to, or in, the belt. By doing so, the author 
believes the strains experienced by in-tyre sensors could be within acceptable levels. 
6.9 Summary 
Rolling tyre experiments on the flat bed and rolling drwn machines (see Chapter 3) have 
been simulated using LS-DYNA version 950d. These were found to experience 
numerical instabilities which have been related to imperfections inherent in the code. The 
flat bed simulation was successfully repeated using the current release, version 960. 
Inconsistencies were highlighted in simulation results observed using the two versions 
and these have been investigated. Based on the results it has been concluded that these 
inconsistencies do not undermine the earlier model validation work carried out using 
version 950d. The contact stresses obtained using the current release have been 
compared with a reasonable degree of success to those found in full-scale physical tests. 
The internal stresses and strains in the tyre structure have then been extracted at selected 
positions local to the contacting surface. By doing so, the chapter provides valuable 
information to the tyre engineer wishing to develop robust in-tyre sensors. The results 
suggest that the most appropriate position for in-tyre sensors is near to, or in the belt. 
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Chapter 7 Review, Conclusions and 
Recommendations for Further Work 
The automobile tyre is often considered to be a simple and reliable component of a 
vehicle. A closer inspection, however, shows that the tyre is subjected to severe stresscs 
and deformation whose quantities must be determined in order to accurately predict tyre 
behaviour. The aim. of this thesis was to provide an initial investigation into the internal 
stresses and strains in a rolling tyre via numerical simulation. An understanding of 
internal tyre behaviour is essential to aid the development of 'smart' tyre technologies. 
Tyres play a crucial role in the support of vehicle dynamics and the integration of in-tyre 
sensors could allow the contact patch stresses to be monitored in each tyre under 
motion. Tbus, the tyre could become a key sensor in future vehicle control technology. 
7.1 Thesis Review 
The thesis is broadly categorised into three main areas: a review of the relevant tyre 
research literature; an experimental investigation into the contact patch behaviour of an 
automobile tyre; and a Finite Element (FE) modelling investigation using LS-DYNA. 
The review of the literature carried out in Chapters I and 2 set the background to the 
work, and also highlighted the lack of knowledge on contact patch stress distributions 
and the absence of existing models to simulate this behaviour. Chapter 3 described 
physical tests conducted on an experimental automobile tyre. The results have provided 
a better understanding of the physical behaviour of tyres in the contact patch. The 
measurements also provided a valuable source of data that can be used to validate the 
modelling methodology. Finally, and most crucially, Chapters 4 to 6 describe the 
investigation of macroscopic tyre behaviour via numerical simulation. The two 
LS-DYNA models described in Chapter 4 were developed to simulate the stationary 
(non-rolling) and rolling behaviour of the experimental tyre. Results from the models are 
presented in Chapters 5 and 6, and have been validated against the physical test data. 
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The internal stresses and strains in the tyre under free-rolling conditions (at 20 km/h) 
were characterised at several positions in the tread region. These numerical results have 
been discussed in context with the development of in-tyre, sensor system tcchnologics. 
7.2 Experimental Investigation 
Full-scale physical tests have been performed to characterise the behaviour of the 
stationary tyre under normal load, and the rolling tyre behaviour under free-rolling and 
cornering (slip and camber angle) conditions. The rolling experiments were carried out 
on flat bed and drum surfaces. The load-deflection characteristics and the contact patch 
dimensions of the experimental tyre have been discussed, and a reasonably complete 
picture is presented on how the normal and shear contact stresses might change under 
driving conditions. A comparison between the stress measurements obtained on the two 
surfaces has also been given. No sinilar comparison is reported in the literature and the 
investigation therefore provides unique measurements in relation to the interfacial 
stresses experienced by a rolling tyre on two geometrically different ground surfaces. 
The normal and shear contact stress distributions exhibit distinct characteristics. The 
normal pressure at the front of the contact patch is higher than at the rear and, thus, the 
distribution is not symmetrical about the lateral axis. This is because a longitudinal force, 
usually referred to as the rolling resistance, exists at the tyre/ground interface. The 
maximum pressure on the flat bed exceeds the inflation pressure (200 kPa) by a factor 
of about 1.6, and a tyre 'buckling' effect is also evident at the centre of the contact area. 
A sinusoidal-style sweep is observed in the longitudinal shear stress distributiorL This is 
because there is a change in radius at the perimeter of the tyre tread. The rolling 
resistance is evident in this distribution as a difference in the magnitude of the maximum 
positive and negative stresses. The lateral shear stresses are shown to increase 
approximately linearly through the contact patch under slip angle conditions. At 
2 degrees slip angle, the maximum stress was found to be 290 kPa on the horizontal 
surface Oust below the maximum normal pressure measurement (320 kPa)). The 
magnitude of the lateral shear stresses at the same camber angle are significantly lower 
(<200 kPa) since the camber stiffness of the tyre is less than the cornering stiffness. 
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Normal pressures at the tyre/drum. interface are higher than those experienced on the flat 
bed. The maximum value exceeds the inflation pressure by a factor between 1.75 and 
2.25. This indicates the contact patch on the drum surface is smaller than on the 
horizontal surface. The longitudinal and lateral shear stresses are similar under free- 
rolling and camber angle conditions. Under slip angle conditions, the contact stresses on 
the drum surface differ considerably from those observed on the flat bed. The maximum 
pressure is much higher and the contact patch length (at the lateral tyre centre) increases 
with slip angle. This phenomenon has not previously been identified and no explanation 
is currently at hand. The lateral shear stresses on the drum surface are also higher. At I 
degree slip angle, the difference in the maximum shear stress is greater than three times. 
7.3 Modelling and Simulation 
The advanced FE models, developed to simulate macroscopic tyre behaviour, represent 
the structure as a rubber and reinforced rubber composite. Two-dimensional membrane 
elements have been used to model the fibre and steel reinforcements, and three- 
dimensional solid elements to represent the thick rubber sections. The behaviour of the 
reinforcements was simulated using the Halpin-Tsai equation and the rubber was 
modelled based on the Mooney-Rivlin strain energy function. The models have been 
developed for simulation using LS-DYNA and the model descriptions were created 
using HyperMesh. The models represent a distinct improvement from those described 
in the literature which have tended to be developed to simulate global tyre behaviour. 
The rubber industry characterises the elastic behaviour of a compound based on the 
secant modulus. This method, combined with the reluctance of tyre manufacturers to 
release property data for their preferred compounds, had meant that material 
stress/strain data for rubber components was not easy to obtain. This issue has been 
addressed herein and a simple method has been developed to characterise the elastic 
constants of rubber materials used in a tyre. The method is based on the secant modulus 
of the rubber and on the stress/strain data for a typical tyre compound. It is validated by 
the numerical results and, as a consequence, is of particular interest to FE tyre analysts. 
Other model simplifications, such as the assumptions that the elastic constants of the 
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reinforcing cords in the steel breakers (and also those of the beads) correspond to those 
of bulk steel, have been implemented because this mechanical property data %N2s not 
available. Furthermore, the inflation pressure has been assumed to remain constant 
during typical tyre deflections. Tyre analysis is much more complex if inflation pressure 
variations due to volume changes are introduced. These simplifications have only a small 
influence on the numerical results and, thus, do not adversely cfIcct the simulations. 
The stationary (non-rolling) behaviour Of the experimental tyrc %,, -as successfully 
simulated. The normal load-deflection characteristics and the contact patch dimensions 
have been compared with a reasonable degree of success to those obtained in the full- 
scale physical tests. Consideration was given to the inflation of the tyre, the wheel fit and 
the normal loading of the tyre. Simulation results were also presented %Vhcn a 
subsequent longitudinal or lateral load was applied. The longitudinal and lateral tyrc 
stiffnesses appear to be realistically represented. The contact patch dimensions gave a 
good trend-wise agreement, but the length and width were found to be greater than the 
experimental measurements. A parametric study was carried out and this disparity is 
related to a deficiency in the performance of the contact algorithm. It is therefore 
observed that it far from straightforward to accurately predict contact patch behaviour 
and the internal stresses and strains in absolute terms. However, the good trcnd-wisc 
agreement does suggest that the modelling methodology is capable of predicting internal 
responses which are related to the 'actual' tyre deformations at the contact patclL 
To simulate the rolling tyre behaviour on flat bed and drum surfaces, in addition to 
developing modelling methodology to inflate the tyre, fit it to the wheel and apply the 
normal loading, it was necessary to consider accelerating the tyre to reach a desired 
constant velocity. Despite consideration of these salient modelling features, numerical 
instabilities were found to occur. These instabilities have been related to imperfections 
inherent in version 950d of the code. This version was, at the time (July 2001), the most 
up to date release. The current release is version 960 and it does not contain many of the 
imperfections in the earlier version. Thus, the flat bed simulation was repeated using the 
current release. The predicted contact patch stresses under free-rolling conditions have 
been presented and these are shown to exhibit similar characteristics to those evident in 
the experimental data. The internal stresses and strains have then been characteriscd at a 
several positions in the tread region. These stresses and strains are useful as an initial 
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guide to the location of in-tyre sensors. The 'actual' d6ormations cxpcrienccd by a 
sensor will be influenced by its mechanical properties. The numerical results suggcst that 
the tread could experience high strain ranges (>3 percent) cvcn under frcc-rolling 
conditions. Such high ranges, coupled with the cyclic endurance and tcnipcraturc 
requirements, raise questions about the survivability of in-tyre sensors. Furthermore, the 
simulation results suggest that consideration should initially be givcn to positioning the 
sensors near to, or in, the belt. The internal strain ranges can be more than halved as the 
distance form the contacting surface increases (and that from the stiff belt reduces). 
7.4 Recommendations for Further Work 
Attention has been drawn to the fact that there appears to be a lack of knowlcdge about 
tyre behaviour in the contact patch and therefore the internal stresses and strains in a 
rolling tyre. The research work presented in this thesis is therefore novel in naturc and, 
hence, offers significant scope for further investigation. It is hoped that the modcLs 
developed herein, together with the comprehensive experimental work, can be uscd 
to improve understanding of tyre behaviour and its relationship to vehicle dynamics. 
The airn of the thesis was to provide an initial investigation of the internal stresses and 
strains in an automobile tyre via numerical simulation. This has been achieved for a tyrc, 
on a horizontal surface at a speed of 20 km/h under free-rolling conditions. Further 
simulations of rolling tyre behaviour have not been possible in this thesis due to the 
limitations in the available computational resource and also time constraints. The next 
logical step is to investigate the internal stresses and strains under typical driving 
conditions, i. e. at various normal loads, speeds, slip and camber angles and slip ratios, 
and on different surfaces. Such an investigation is needed to fully chamctcrisc the 
internal stress field in a tyre structure. This information would further aid the tyre 
engineer wishing to develop in-tyre sensors for monitoring tyre behaviour. The work 
could also progress to the investigation of stresses and strain experienced by specific in- 
tyre sensors. This would require the mechanical property data of the sensor package. 
The contact and friction models employed herein have addressed the macroscopic 
characteristics at the tyre/ground and tyre/wheel interfaces via the Coulomb formulation. 
Since the main reason for the difference between the simulation results and those 
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observed experimentally is the performance of the contact algorithm used in the code, 
the issue of contact modelling is an obvious area for further consideration. I'lic 
microscopic asperities in the ground surface havc not been considered herein but may be 
important in the simulation of rolling resistance. Rolling resistance is kno%Nm to be higher 
on rough than on smooth surfaces. Also important to the numerical rolling resistance 
characteristics is the assumed damping level. Damping %vas acceptably neglected in this 
thesis because roffing resistance cffects arc small (typically less than 50 N). Further work 
could be used to determine appropriate damping levels for simulating rolling resistance. 
The experimental work presented in this thesis has addressed the lack of knowlcdgc of 
contact patch behaviour for frce-rolling and comcring (slip and cambcr) conditions. 
These studies could be extended to include acccIcration/braking characteristics and also 
larger data ranges, and cross-contact patch mcasurcrncnts. This could be achicvcd via 
experimental measurements (or using the FE models). This thesis has considcrcd small 
slip and camber angles, but these do not envelop the possible ranges cxpcricnccd. 
Furthermore, the influence of speed on the contact stresses needs grcatcr considcration. 
Other obvious areas for future work are the simulation of rolling tyrcs on dcformablc 
surfaces such as mud, sand and snow, and the dclamination cffccts of qTcs. To simulatc 
tyre behaviour on deformable surfaces would simply require a more dctailcd 
representation of the ground surface wMe the dclamination cffccts could casily be 
incorporated into the current models. The interface bct%Nccn the adjoining componcnts, 
and between the rubber matrix and reinforcements, could be modelled as separate 
contacts, with the nodes tied to the adjacent surface until a failure criterion A-as reached. 
Finally, this rolfing tyre study has been limited to the investigation of tyrC behaviour 
under experimental situations represented in the laboratory. These simulation have not 
been influenced by tyre temperature variations because the tyre rolling cxperiments were 
carried out for only a short time period. This is a major consideration for tyrcs operating 
in 'real' driving conditions and, thus, must be considered as an area for further work. 
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Appendix A Cross-Coupling Effects In the 
Longitudinal and Lateral Shear Stresses 
In the rolling tyre experiments (see Chapter 3), the shcar stresses exerted on the ground 
surface were measured in the transducer axes (. V-, Y-) and not tile tyrc axes (x-, )--). As 
discussed in Section 3.6.2, applying a slip angle changes the orientation or the tyrc 
axes relative to the transducer axes and a cross-coupling cffect occurs. I'his is shown in 
Figure A. I. Thus, the longitudinal r. and lateral r, slicar stresses need to be resolved. 
ria (2): 
I 
x 
y 
FigureA. 1 Longitudinal and latcral shcar strcss cross-coupling 
The shear stress measurement in the X-axis ( r.,, ) can be rcsolvcd into the longitudinal 
and lateral shear stress components r. (, ) and These components arc given by 
rxz cos(a) 
and 
r %sin(a) ), Z(I) 
(A. 1) 
(A. 2) 
Similarly, the shear stress measurement in the Y-axis ( rrz ) can also be rcsolvcd into the 
longitudinal and lateral components r., -(, ) and r,., (, ) . 
These components arc given by 
T., (2) = rrzsin(a) (A. 3) 
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and 
r,., (, ) = rrzcos(a) (A. 4) 
The total longitudinal slicar stress is obtaincd from Equ. (A. I) and (A. 3), and is givcn by 
r., 2= rxz(l) - r,. (2) = r,, cos(a)- rrzsin(a) (A. 5) 
Similarly, the total lateral shcar stress obtained from Equ. (A. 2) and (A. 4) is gi%-cn by 
ry: ý rx. (I) + ryz(2) = r,,. zsin(a) + r,, cos(a) (A. 6) 
At srnall slip angles such as those considered in this thesis (. -52 degrees on the flat bed 
tyre testing machine), it should be noted that cos(a) ft I and sin(a) m 0. Ilius, an 
acceptable approxirnation. of the longitudinal and latcral shcar stresses is obtained via 
r.. -= r,, 
and 
-r rz 
(A. 7) 
(A. 8) 
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Appendix B Stress/Strain Data for a Typical Rubber 
Tyre Compound In Simple Extension 
The stress/strain data provided by Dunlop Tyrcs Linuited for a typical 'unkno%W rubber 
tyre compound subjected to simple extension is given here (see Section 4.4). The secant 
modulus at 100 percent strain was also provided and was 3.19 NIPa. ncsc strcss/strain 
measurements were obtained in accordance with BS 903: Part Al 1995 (ISO 37: 1994). 
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Engineering Strain 
1%] 
Engineering Stress 
[MPa] 
0.0 0.00 
2.0 0.12 
2.9 0.16 
3.9 0.22 
4.7 0.27 
5.6 0.32 
6.5 0.37 
7.5 0.42 
8.5 0.46 
9.5 0.50 
10.5 0.54 
11.5 0.58 
12.6 0.61 
13.6 0.64 
14.6 0.68 
15.7 0.71 
16.7 0.74 
17.8 0.77 
18.8 0.79 
19.8 0.82 
20.9 0.84 
21.9 0.87 
23.0 0.89 
24.0 0.92 
25.0 0.94 
Engineering Strain 
1%] 
Engineering Stress 
[MPa] 
26.1 0.96 
27.1 0.99 
28.2 1.01 
29.2 1.04 
30.1 1.06 
31.3 1.08 
32.3 1.11 
33.4 1.13 
34.3 1.16 
35.4 1.18 
36.4 1.21 
37.4 1.23 
38.5 1.26 
39.5 1.29 
40.5 1.32 
41.3 1.34 
42.4 1.38 
43.4 1.41 
44.3 1.44 
45.3 1.48 
46.3 1.52 
47.2 1.56 
48.2 1.60 
49.1 1.65 
50.0 1.70 
Table B. I Stress/strain data for a typical rubber tyre compound in simple extension 
140 
Appendix C Shear Distortion of the Tyre Tread in 
the Contact Patch 
The poor performance of the Mooney-Rivlin model (model 27) in the LS-DYNA 
code [17] is discussed in Section 4.5. Excessive localised shear distortion in the tyrc 
tread is observed under longitudinal loading. This excessive distortion disappears when 
the Hyperviscoelastic model (model 77) is used and, thus, the author recommends this 
model to simulate a transversely (longitudinal and/or lateral) loaded or rolling tyre. To 
aid validation of the performance of the Hyperviscoelastic model, a simple hand 
calculation is performed here using classical elasticity theory. It is based on the 
assumption that the tyre's belt is rigid since its stiffness is several orders of magnitude 
greater than that of the rubber tread. This simple model is shown in Figure C. I. The 
assumption is used in serni-empirical tyre models, such as the brush model [33,45,461. 
Riald Beft 
t= lo mm 
T 
Horizontal Surface 8 Tread 
Figure CA Simple model of experimental tyre under longitudinal loading 
For the particular case of simple shear, rubber exhibits a linear stress/strain relationship 
(see Equ. (4.6)). This relationship is characterised by the shear modulus G, given by 
"xx 
(C.! ) 
where is the shear stress and y. is the shear strain. The average shear stress over 
the contact patch is F,, /A, where F,, is the applied longitudinal force and A is the area. 
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Assuming the shear modulus of the tread is 0.77 MPa, the longitudinal force is 2 kN, 
and the contact patch length and width are 115 mm and 122 mrn, y,, can be estimated 
to be approximately 18 percent using Equ. (C. 1). The shear distortion 5 is then given by 
8=y,,.. (C. 2) 
where d is the depth of the tread and, thus, the distortion is estimated to be 1.8 nim. 
This value corresponds to the 2.3 mm obtained in the advanced FE simulation using the 
same modulus and longitudinal force. It should be noted, however, that the contact 
patch length and width used were those obtained in the stationary experiments discussed 
in Section 3.4.1. The calculated shear distortion increases to approximately 2.6 mm. if 
the simulated contact patch dimensions (length and width) from Figure 5.5 are utilised. 
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